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FOREWORD

INTRODUCTION

The Fire ControlSeries forms part of the
Engineering Design Handbook Series which
presents engineering information and quanti-
tative data for thedesign and construction of
Army equipment. In particular, the hand-
books of the Fire Control Series have been
prepared to aid the designers of Army fire
control equipment and systems, and to serve
as a reference guide for all military and ci-
vilian personnel who may be interestedin the
design aspects of such material.

The handbooks of the Fire ControlSeries
are based on the fundamental parameters of
the fire control problem and its solutign. In
all problems of control over the accuracy of
weapon fire, some method or system of fire
control is employed that derives its intelli-
gence from the acquisition and tracking of a
target; evaluates this system-input intelli-
gence by computation; and, finally, applies
the output information to the positioning of a
weapon along the line of fire. Primary em-
phasis is laid on the systematic approach re-
quired in the design of present-day fire con-
trol equipment and systems. This approach
involves (1) thorough analysis of the particu-
lar fire control problem athand, (2) establish-
ment of themost suitable mathematical mod-
el, and (3)mechanization of this mathematical
model.

ORGANIZATIONAL BREAKDOWN

Toaccomplish the aforenoted objectives,
the Fire ControlSerieswill consist primarily
of the following four main sections, eachpub-
lished as a separate handbook:

a. Section 1, Fire Control Systems -
General (AMCP 706-327)

b. Section 2, Acquisition and Tracking
Systems (AMCP 706-328)

c. Section 3, Fire Control Computing
Systems (AMCP 706-329)

d. Section 4, Weapon-Pointing Systems
(AMCP 706-330)

An additional handbook of the Fire Control
Series is AMC Pamphlet AMCP 706-331,
Compensating Elements. The following para-
graphs summarizethe content of each of these
five handbooks.

Section 1introduces the subject of fire
controlsystems, disclosesthebasic fire con-
trol problem and its solution (in functional
terms), delineates system-design philosophy,
and discusses the application of maintenance
and human engineering principles and stan-
dard design practices to fire control system
design.

Section 2 is devoted tothe first aspectof
fire control, i.e., gathering intelligence on
target position and motion.

Section 3, because of the complexity of
the subject of computing systems, is divided
into three parts that are preceded by an in-
troductory discussion of the roles of comput-
ing systems in Army fire control and by a
description of specific roles played in parti-
cular fire-control applications. Part I dis-
cusses the first step in system design, i.e.,
the establishment of a mathematical model
for the solution of a fire control problem.
Emphasis is given to the kbasis, derivation,
and manipulation of mathematical models.
Part IT discusses the various computing de-
vices that perform useful functions in fire
control computing systems. The discussion
ranges from simple mechanical linkages to
complexdigital computers. Typesof devices
in each classification are briefly described;
external sources are referenced for detailed
information where practical. Part III dis-
cusses the various ways in which the comput-
ing devicesdescribedinPart Il can be applied
to the mechanization of the mathematical
models described in Part L., It stresses that
a fire control computing system designer
needs to apply his talents in three special
ways: (1)toimprovise and innovate as needed
to meet particular problems that may arise,
(2) to use ingenuity in obtaining the simplest
and most economical devices for the particu-
lar requirementat hand, and (3)to master the
many problems that result from intrasystem
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interactions when individually satisfactory
components are combined in complex com-
puting systems. Examples culled fromactual
fire-control-system design work illustrate
the concepts given.

Section 4 of the Fire Control Seriesdis-
cusses weapon-pointingsystems withrespect
to (1) input intelligence and its derivation, (2)
the means of implementing weapon-pointing
for the two basic types of weapon-pointing
systemsfromthe standpoint of system stabil-
ity, (3) general design considerations, and
(4) the integration of components that form
a complete fire control system.

AMCP 706-331 presentsinformation on:
(1) the effects of out-of-level conditions and
adisplacement between a weapon andits aim-
ingdevice, and(2) the instrumentation neces-
sary to correct theresulting errors. It also
presents general reference information on
compensating elements that pertains to ac-
curacy considerations, standarddesignprac-
tices; and considerations of general design,
manufacture, field use, maintenance, and
storage.

ii

PREPARATION

Thehandbooksofthe Fire Control Series
have been prepared under the direction of the
Engineering Handbook Office, Duke Univer-
sity, under contract to the Army Research
Office-Durham. With the exception of the
handbook titled Compensating Elements, the
material forthe Fire Control Series was pre-
pared by the Jackson & Moreland Division
of United Engineers and Constructors Inc.,
Boston, Massachusetts under subcontract
to the Engineering Handbook Office. The
Jackson & Moreland Divisionwas assisted in
its work by consultants who are recognized
authorities invarious aspectsof fire control.
Specificauthorship isindicated where appro-
priate. Overall technical guidance and as-
sistance were rendered by Frankford Arse-
nal; coordination and direction of this effort
were provided by Mr. Leon G. Pancoast of
the Fire Control Development & Engineering
Laboratories at Frankford Arsenal.
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PREFACE

The Engineering Design Handbook Series
of the Army Materiel Command is a coordi-

nated series of handbooks containing basic
information and fundamental data useful in the

design and development of Army materiel and
systems. The handbooks are authoritative
reference books of practical information and
quantitative facts helpful inthe design and de-

velopment of Army materiel so that it will
meet the tactical and the technical needs of
the Armed Forces.

Comments and suggestions on this hand-
book are welcome and should be addressed to

Army Research Office-Durham, Box CM,
Duke Station, Durham, North Carolina 27706,

iii
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CHAPTER 1
INTRODUCTION TO FIRE CONTROL SYSTEMS

1-1 DEFINITION AND NATURE OF FIRE
CONTRoL '-¢

1-1.1 GENERAL

This chapter defines and describes the
nature of fire control; covers the chrono-
logical development of Army fire control
equipments; discusses recent developments
in Army fire control; and summarizes the
applications of fire control to modern war-
fare. It is hoped that this information will
both interest the fire control designer and
prove of direct value to him, by giving him
a better perspective on his work through a
knowledge of past developments and present
trends. For moredetailed information, con-
sult the General Fire Control Bibliography
at the end of the chapter.

1-1. 2 DEFINITION AND GOALS OF FIRE
CONTROL

Fundamentally, allfire control problems
are variations of the same basic situation:
launching amissile* fromaweapon station so
as to hit a selected target. The target, the
weapon station, or both may be moving. Fire
controlis the science of offsetting the direc-
tion of weapon fire from the lineof site to the

target so as to hit the target (see Fig. 1-1).
The angle of offset is called the prediction

angle; it is the angle between the line of site
(theline fromthe weapon station tothe target
at the instant of firing) to the weaponline
(theextension of the weapon axis). It repre-
sents the fire control system's prediction of
thebest solution tothe fire control problem at
hand when the available input information is
taken into accountto the extentmade possible
by the particular fire control system in-
volved. ¥ Asdiscussed subsequently, the pre-
diction angle is achieved as the result of off-
sct components in elevation and deflection.

With guns and rocket launchers, solution
data are applied up to the instant of firing.
With guided missiles, solution data are also
applied at intervals or continuously after fir-
ing. The Fire Control Series is concerned
with weapons-laying before and during firing
and does not cover in-flightcontrol of guided
missiles, though many of the same principles
apply.

Fire control is accomplished by (1)ac-
cumulatingappropriate input data, (2) calcu-
latingthe elevation and deflection components
required for the projectile to intersect the
target, and (3) applying these components to
correctly position the weapon. These three
functions are primarily associated, respec-
tively, with (1)acquistion and tracking sys-

 —
A missile, in the generalsense used here, identifies anobject that is thrown, dropped, projected, or propelled toward a target (though
sometimes the term is used more narrowly, to define a self-propelled guided missile or a ballistic missile). A projectile, in the
general sense employed throughout the Fire Control Series, is a missile projected by an exterior force and continuing in motion by
its own inertia. The term primarily applies to projectiles, bullets, etc., shot from guns and recoilless weapons but is also extended
torockets{which, bydefinition, cannot be controlled in flight), even though a rocket does not strictly fit the stated definition during
the period between the time of launching and the time of burnout.

T‘The use of the word "prediction" in itspresent context relates to itsdefinition as "an inference regarding a future event based on prob-
“ability theory" (see Reference 42). Thus, the prediction angle computed at a given moment in a given fire control situation is the
inferred best solution to the problem of obtaining a hit on the target. The term prediction is particularly appropriate to fire control
since (see Chapter 4) the very nature of weapon-fire accuracy is probabilistic as aresult of such factors as dispersion and other random
errors associatedwith weapon-system operation. Further, as emphasized in Reference 43 by the late Dr. John G. Tappert of Frankford
Arsenal (see the acknowledgement and tribute at the end of Chapter 4), the general case of fire control for a moving target involves
extrapolation, or prediction, in its broadest sense.

1-1
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THE TERM ""LINE OF SITE" USED HERE IN CONNECTION WITH THE GEOMETRY OF A FIRE

CONTROL PROBLEM IS DEFINED AS THE STRAIGHT LINE BETWEEN THE ORIGIN OF THE TRA-
JECTORY (THAT IS, THE WEAPON STATION) AND THE TARGET. IT CORRESPONDS TO THE TERM
**LINEOF SIGHT** USED IN CONNECTION WITH THE MEANS EMPLOYED TO SOLVE A FIRE CONTROL
PROBLEM AND DEFINED AS THE STRAIGHT LINE BETWEEN THE EYE OF AN OBSERVER SIGHT-
ING FROM THE WEAPON STATION (OR A TRANSMITTING RADAR ANTENNA) AND THE TARGET.

Fig. 1-1. Factors common to typical Army fire control problems.

(Adapted
from FIRE CONTROL PRINCIPLES by W. Wrigley and J. Hovorka.

Copyright ©

1959 by McGraw-Hill, Inc.

tems, (2)computing systems, and (3)weapon-
pointing systems. Asdiscussed in the Fore-
word, thesethree systemsaretreated in Sec-
tions 2, 3 and 4, respectively, of the Fire
Control Series.

In some situnations, fire control also in-
cludesthe solution of two othertypes of prob-
lems: (1)maintaining cognizance of the weap-
on-target situation and controlling the time
and volume of fire so as to achieve maximum
effectiveness of fire and minimize waste of
ammunition, and (2)causing projectiles to ex-
plode when they reach the vicinity of thetar-
get by means of time fuzes preset with the
aid of afuze-time computer. Thelatter prob-
lem does not arise, of course, with impact
and proximity fuzes.

Thus firecontrol may be broadly defined
as quantitative control over one or more of
the following, to deliver effective weapon fire
on a selected target:

1. The direction of launch.

2. The time and volume of fire.

1-2

Used by permission of McGraw-Hill Book Company.)

3. The detonation of the missile.
However, fire controlis primarily concerned
with item (1), the directionof launch, and the
Fire Control Series will be mainly concerned
with this aspect.

In Army parlance, the terms "weapon
fire control"” and "weapon control"” are used
interchangeably with the expression "fire
control”. To indicate specific applications
to certain types of weapons, terms such as
"gun fire control"and "missile fire control”’
are frequently employed.

'

1-1.3 SUMMARYOF FIRE CONTROL METH-
ODS

The fundamental problem of fire control
is to orient a weapon in such a way that the
missileitfires willachieve hits onthe select-
ed target. For weapons of the presentera,
fire control varies in complexity from the
simpleaiming of apistoltotheintricate prob-
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lem of destroying an incoming ICBM.

Two general methods of fire control are
employed in connection with Army weapons:
(1) direct fire control and (2) indirect fire
control.

1-1.3. 1 Direct Fire Control

Directfire control isused forthe control
of weapon fire delivered at a target that can
be observed (by optical instruments, radar,
etc.) either from the weapon itself or from
nearbyelementsina director-controlled type
of weapon system. When the target is thus
visible from the weapon, a line of site is es-
tablishedbetweenthe gunand thetarget. The
weapon can then be aimed inelevation and de-
flection with reference to this line of site
either by means of sighting instruments
mounted on the weapon or by means of the
director fire control system.

The followingtypes of direct fireareused
in Army combat situations:

1. Antiaircraft fire

2. Personalweaponfire, e.g., riflesand
bazookas

3. Tank weapon fire

4. Airborne weapon fire

5. Field-artillery weapon fire.

It shouldbenoted that types 1through 4,
inclusive, are typical direct-fire situations.
On the other hand, fire from field-artillery
weapons (type 5) is directfire onlyunder ex-
ceptional conditions of short range.

1-1.3. 2 Indirect Fire Control

Indirectfire control isused for the con-
trol of weapon fire delivered at a target that
cannot be seen from the weapon position.
When thetarget is invisible from the weapon
(e.g., when it lies behind a hill), an obser-
vation post is usually established from which
the target can be seen.:: Fire-control in-
telligence is then obtained and computed for
the gunat afire-directioncenter. Thetrans-
missionof firing datato the weapon may be by
telephone communication or by remote con-
trol. In the lattercase, the gun is pointed in
azimuth andin elevation automaticallyin ac-
cordance with the established firing data.

The following types of indirect fire are
used in Army combat situations:

1. Mortar fire

2. Field-artillery weapon fire

3. Tank weapon fire.
It should be noted that type 1is a typical in-
direct-fire situation and that type 2 consists
of indirect fire mainly; by contrast, type 3
onlyoccasionally involves the use of indirect
fire.

1-1.3.3 Geometry of a TypicalFire Control
Problem

Figure 1-2 shows the fundamental geom-
etry of a typical direct fire control problem
interms of the prediction angle —thetotal off-
set angle measured from the present line of
site to the weapon line. As indicated, ithas
anelevation component and a deflection com-
ponent. The predictionangle is uniquely de-
termined at each instant of a fire control
situation by two factors:

1. The motion of the target relative to
the weapon.

2. The exterior ballistics affecting the
path of the projectile afterthe weapon isfired.
Thefire controlproblem pictured is that as-
sociated withthe Vigilante Antiaircraft Weap-
on Systemwhich isdescribed in Chapter 4 in
connection with a discussion of design pro-
cedures for fire control systems.

Thetheoretical fire control problem con-
sists of finding the magnitude of the required
prediction angle between the weapon line and
the line of site, together with the direction of
the axis about which it represents a rotation,
as functions of measurable physical quan-
tities. It should be noted that, because of
practical considerations involved inachieving
the required offset of the weapon line from the
line of site, the prediction angle is defined
in terms of, and implemented by means of,
two separatecomponents — an elevationcom-
ponent and a deflection component — whose
combinationyields the required offset angle.
For example, in the illustrative fire control
problem depicted in Fig. 1-2 it can be seen
that the elevationcomponent of the prediction
angle is equal to the fire-elevation angle FE,
minus the target-elevation angle E, where

It should be noted that radar observations of parts of the trajectories of enemy weapon fire and appropriate extrapolation techniques
have also proved to be an effective means of locating weapon targets, e. g., enemy mortars.
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WEAPON LINE PREDICTION ANGLE
(PROLONGATION OF WEAPON AXIS; TOTAL OFFSET ANGLE OF
PARALLEL TO BORESIGHT WEAPON LINE WITH RESPECT TO
LINE OF SITE TO TARGET PRESENT POSITION.

AXIS OF WEAPQN)
\

LINE OF SITE TO
TARGET PRESENT POSITION

TARGET FUTURE POSITION

:‘ GRAVITY
: DROP

TARGET PRESENT POSITION

WEAPON T B R
DEFINITIONS OF SYMBOLS

S-OPERATOR'S SMOOTH TRACKING POINT
Dg-SLANT RANGE

E-ELEVATION OF TARGET

P-PREDICTED POINT
V5-SMOOTH- TRACKING-POINT VELOCITY
FE-FIRE-ELEVATION ANGLE
AL-AZIMUTH LEAD ANGLE
TP-TIME OF FLIGHT OF PROJECTILE

Vs TP -DISTANCE THE TARGET TRAVELS FROM SMOOTH TRACKING POINT S
TO THE PREDICTED TARGET POINT P

Hg-SMOOTH- TRACKING ALTITUDE (PARAMETER)
H,,- PREDICTED-TRACKING ALTITUDE (PARAMETER)
Rg- SMOOTH-HORIZONTAL RANGE
Rp- PREDICTED-HORIZONTAL RANGE

NOTE

THE SYMBOLS AND NOMENCLATURE USED HERE ARE REPRESENTATIVE ONLY. THE BROAD
TECHNOLOGICAL BASE UPON WHICH FIRE-CONTROL SYSTEM GESIGN 1S BASED HAS PRECLUDED
THE ESTABLISHMENT OF A FORMALLY ACCEPTED SET OF SYMBOLS AND DEFINITIONS THAT
APPLIES UNIVERSALLY TO ALL ARMY FIRE-CONTROL APPLICATIONS.

Fig. 1-2. Fundamental gecometry of a typical fire control problem
for surface-to-air fire.
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FE is the vertical angle between the axis of
the weaponbore (theweapon line)and itspro-
jectiononto the horizontal plane and E is the
vertical angle between the line of site to the
presenttarget position and its projection onto
the horizontal plane. The deflection compo-
nent of the prediction angle in Fig. 1-2 is
equal to the azimuth leadangle AL, the angle
between the horizontal projections of the
weapon line and the line of sitetothe present
target position. (As pointed out in Fig. 1-2,
these symbols and nomenclature are repre-
sentative only; no formally accepted set of
definitions and symbols to cover all Army
fire-control applications has ever been es-
tablished. ) The theoretical aspects of the
fire control problem and its solutionare dis-
cussed in Chapter 2.

The practical fire control design prob-
lem consists of analyzing the fire control
problem, establishing a mathematical model,
and mechanizingthis model. The end product
is equipment that is suitable for receiving the
available inputs for particular fire controlap-
plications and generatingthe correct predic-
tion angle as the output (inthe form of the
aforenoted elevation and deflection compo-
nents). Thispracticaldesign problem is dis-
cussed in Chapters 3 through 5.

1- 1.4 CLASSIFICATIONS OF
TROL EQUIPMENT

FIRE CON-

Fire control objectives are obtained by
the use of specially designed aids, instru-
ments, and systems. One or more basic
types of operation may be involved— elec-
trical, electronic, mechanical, optical, hy-
draulic, or combinations of these.

Aidsto fire controlare devices that help
the aimer judge or correct the prediction
angle. They include suchitems asrifle sights
and, in a broader sense, the use tracer bul-
lets. Fire control instruments are used for
more exact, quantitative acquisition, calcu-
lation, andapplication of datathanaids. They
include range finders,compasses, telescopes,
and radars; predictors, directors, and other
computers;: and servos and other devicesfor
positioning the weapon in azimuth and eleva-
tion. A fire control system is defined as an
assemblage of interacting or interdependent

firecontrolequipmentthatreceives data con-
cerning the present position and motion (if
any)of a selectedtarget, calculates the future
target position, correlates this information
with information concerning projectile flight
(exterior ballistics data), and controls the
aiming of the weapon to bring effective fire
upon the target. Human operators may be
considered elements of a system and in any
evaluation of overall system effectiveness
they should be so considered. *

Fire control equipment is frequently
classified by its location as either on-car-
riage or off-carriage equipment.

On-carriage describes instruments such
as sighting telescopes and elevation quad-
rants that are mounted directly on the weapon
orweapon carriage. Thedesignationincludes
indicators having graduated dials and pointers
that are connected to the elevating and tra-
versingmechanism of a gun. In certain sys-
tems, the designationmay alsoinclude range
finders, computers, ectc.

Off-carriage equipment includes all fire
control instruments that are riot mounted on
weapons orweapon carriages. These instru-
ments supply the data to be set on the sights,
drums, quadrants, indicators and other aim-
ing and laying devices mounted onthe weapon
itself. Typical off-carriage instruments are
the aiming circle, the battery commander's
telescope, plotting boards, various types of
range finders, radars. computers, direc-
tors, and illuminating devices.

I-1.5 APPLICATIONS OF MODERN FIRE
CONTROL SYSTEMS

The various types of weapon firethat are
controlled by fire control equipment may be
classified by establishing (1) the relationship
of the physical area of weapon fireto the phys-
ical area of the target and (2) the type of
weapon involved. Thus, the various types of
weapon fire covered in this handbook may be
classified as follows:

1. Surface-to-surface with guns
Surface-to-surface with rockets
Surface-to-air with guns
Surface-to-air with rockets
Air-to-surface with guns

oW

*
The word "system" does not necessarily imply complexity. Strictly speaking, a man and his rifle constitute a simple system (which
could be further broken down into rifle, rifle sight, eye, visual cortex, nerves, muscles, etc.).
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6. Air-to-surface with rockets

7. Air-to-air with guns

8. Air-to-air with rockets.
Each classification applies to all types of
weaponfire implied by the name of the clas-
sification. That is, the classifications do not
differentiate between the types of weapon or
launcher (except for the broad differentiation
between guns and rockets), the types of mis-
sile, warhead or propellant, the types of fire
control system used, the types of target, or
(inthe case of ground targets) between sta-
tionary and movingtargets. In this handbook,
it is alsoassumed thatair-to-airand air-to-
surface classificationsare limitedto aircraft
available to the U.S. Army.

1-1.5.1 Surface-to-Surface With Guns

This classificationof surface-to-surface
weapon fire includes all projectiles, except
rockets and guided missiles, that are fired
from the surface of the earthand whose pur-
pose is todestroy atargetalsoon the surface
of the earth.

The destructive intent of surface-to-sur-
face gunfire isdirected in defense and attack
against either of the two basic categories of
targets: the stationarytarget and the moving
target. With respect tothe stationary target
the firing data required for accurate weapon
laying is based on providing the required pro-
jectile trajectory in accordance with known
ballistic data, information on variables of the
firingsituation, suchaswind,and information
concerning the location of the target relative
tothe location of the weapon. Target position
relative to weapon position is generally de-
termined by sight but can also be obtained
from maps under certain conditions. An in-
crease inthe range of fire between the gun
and the stationarytarget generally results in
an increase in the errors of gunfire.

With respect to moving surface targets,
information on present position and motion is
usually derivedfrom directobservationof the
target. Firing data is based on predicting
the future target position and then providing
a projectile trajectory that passes through
that position. From the time a projectile is
fired, its trajectoryis irrevocably dependent
on projectile ballistics, wind effects, and
gravity. Also, a finite time is required for
the projectile to reach the target. Accord-
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ingly, if the time of flight is short and the
target motion is slow, the probabilityof a hit
isreasonably good. If on the other hand, the
target is moving rapidly, with a high degree
of maneuverability, the probability of de-
structionis low. Inadequate target observa-
tionand inaccurate range measurement cor-
respondingly reduce the hit probability (see
Chapter4 for a discussion of hit probability).

1-1.5.2 Surface-to-Surface With Rockets

Surface-to-surface weapon fire with
rockets includes any rocket-propelled mis-
sile, whose trajectory cannot be controlled
during flight, that is launched from the sur-
face of the earth, and whose purpose is to
destroy a target also on the surface of the
earth. The comments onsurface-to-surface
gunfire (see par 1-1.5. 1)apply to this cate-
gory also. Essentialdifferencesbetween the
two categories exist mainly in the important
characteristicsof the military rocket. Mili-
tary rockets utilize a method of propulsion
that, unlike the gunfired projectile, results
in thepropellant and its gases traveling with
the rocket during the period of propellant
burning. Military rockets also are charac-
terized by low velocity, which results in
greatertime of flight to target and thus pro-
vides the target greater time to manecuver,
with a concomitant reduction inthe probability
of obtaining hits. Dispersion of rockets as
a result of in-flight turbulence of the burning
propellant, inaccuracies in the symmetry or
alignment of the rocket nozzle, and theuse of
stabilizingfins limit their ground use largely
to area targets.

In the tactical employment of military
weapons, guns are generally utilized where
great accuracyanda large range adaptability
are required; rockets, because of theirrela-
tive inefficiency, arelimited inboth respects.
Conversely, the volume, rateof fire, and the
high mobility of rocket weapons justify their
use against arca targets or large troop con-
centrations — although rockets, logistically,
are not suited for high rate of fire over ex-
tended periods. Used in infantry antitank
weapons for direct fire by infantrymen at
shortranges, the bazooka rocketis well suited
fordelivering a small, light HEAT warhead,
at low velocity, that is capable of destroying
a tank.
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1-1.5. 3 Surface-to-Air With Guns

This classification of surface-to-air
weapon fire includes any projectile, exclusive
of rockets and guided missiles, that is fired
fromthe surface of the earth and whose pur-
pose is to destroy a target in the air.

The basic mission of antiaircraft artil-
lery is defense againstaerialattack. Because
of the high speed, the maneuvering capabili-
ties in three dimensions, and the relatively
small size of such airborne targets as pro-
peller- or jet-powered aircraft, the unique
problem of thistype of fire controlis the de-
terminationof thetarget's future position be-
cause the target may move a very consider-
able distance after the projectile has been
fired. The fire control problem in surface-
to-air gunfire, therefore, consists of: (1)
predicting the future course of the target on
the basis of its behavior in the time just pre-
ceding the firing of the gun, (2) determining
thetarget's probable position atthe end of the
time of flight, and (3) preparing the firing
data required to burst a projectile at that
point.

Of major significance in this category of
weaponfire isthat computation of a single set
of firing datawill not sufficeforapplicationto
the aiming point. Rather, firingdatasuitable
for any instant must be available during the
entire periodof time that the target is flying
withinthe range of the weaponbeing employed.
Asthis period may be short, firing datamust
be produced continuously and instantaneously
throughout the interval. Further, since the
target capability for changing direction and
speed quickly reduces its vulnerability, the
maximum practicable volume of fire must be
employed in a minimum amount of time to
increasethe probability of targetdestruction.

1-1. 5.4 Surface-to-Air With Rockets

This classification of surface-to-air
weapon fire includes any rocket- propelled
missile launched from the earth's surface
whosetrajectory cannot be controlled during
flightand whose purpose istodestroy an air-
borne target.

1-1.5.5 Air-to-Surface With Guns

This classification of air-to-surface

weapon fire includes all projectiles, except
rockets and guided missiles, that are fired
from an aircraft and whose purpose is to de-
stroy a target on the surface of the earth.

1-1.5. 6 Air-to-Surface With Rockets

This classification of air-to-surface
weapon fire includes any rocket-propelled
missilethat is launched from an aircraft and
whosetrajectory cannot be controlled during
flightand whose purpose is to destroy atarget
on the earth's surface.

Rockets fired from fast-moving aircraft
are more effective than those launched from
the ground because of their greater accuracy
which stems from the additional speed with
respectto the airthat the high-speed forward
movement of the aircraftimpartsto the rock-
et at thetime of launching. The accompany-
ing aerodynamic effects on the rocket fins
result in increased stability of the rocket,
thereby tending to minimize dispersion and
permit relatively accurate fire at point tar-
gets. For effective fire control, however,
sighting for accurate forward-firing of air-
craft rockets must allow compensating con-
siderationsfor altitude. indicated air speed,
dive angle of the aircraft, and slant range
from the target.

1-1.5.7 Air-to-Air With Guns

This classification of air-to-air weapon
fire includes all projectiles, except rockets
and guided missiles, that are fired from an
aircraft and wliose purpose is to destroy an
aerial target.

1-1.5. 8 Air-to-Air With Rrckets

This classification of air-to-air weapon
fire includes any rocket-propelled missile
launched from an aircraft and whose trajec-
tory cannot be controlled during flight, and
whose purpose is to destroyan aerial target.

1-1.6 THE INPUT-OUTPUT CONCEPT

Fire control may be viewed in terms of
certaininputs that areavailable formeasure-
ment and certain outputsthat are required to
position a weapon for firingat a stationaryor
moving target. The input-output concept is
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implied at oncewhen considerationis givento
gatheringdata on the position of atarget, cal-
culating the target's future position, corre-
lating exterior ballistics information, and
controlling the aiming of a weapon to bring
fire on the target.

Basic input data can be enumerated as
range, elevation, azimuth, and motion of the
target, measurable with respect to weapon
position. Supplementary input data include
information on the wind and such items af-
fectinginitial projectile velocity as gun-bar-
rel erosion and propellant temperature. In
any fire control system, all available input
dataare employedtothe extentof the system's
capability to produce as outputs such firing
data as are applicable to the aiming of the
weapon being controlled.

1-1.6.1 Primary Factors in Establishing
Input-Output Relationships

There are two main categories:

1. Factors affectingthe projectile path.

2. Target motion with respect to the
weapon.

These factors arediscussed in some de-
tail in Chapter 2 but are summarized in the
paragraphs which follow to clarify the input-
output concept. Each of these factors must
be considered as an integralpart of each in-
dividualfire control problem. The emphasis
allotted to a given factor in establishing the
solution to a particular fire control problem
is determined primarily by its relative effect
on the outputs and by the accuracy require-
ments of the fire control system. Chapter 3
describes the various functional elements of
fire controlsystems and cites functional ar-
rangements that providedesired input-output
relationships for specific fire control sys-
tems. Chapter 4 presents the conceptual ap-
proach for achieving the actual designs of
these fire control systems most effectively.

1-1.6. 1.1 Factors Affecting the Projectile
Path

The factorsthat affectthe projectile path
and sodetermine projectiletrajectory can be
classifiedas those that contribute (1)to cur-
vature of the trajectory and (2) to projectile
jump. The first type are active during the
entire course of the projectile trajectory and
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cause the projectile to change its path con-
tinuously. They include gravity, air resist-
ance, wind, and drift. Factorsoftype (2) are
active only at the instant the projectile is
fired orlaunched: they causethe direction of
the projectile velocity vector to differ from
the direction in which the weapon is aimed.
Thus jump effect is comprised of two com-
ponents: vertical jump and horizontal jump.
While the total jumpeffect can be quite large
for air-to-air weapon fire from fast-moving
aircraft, the jump associated with mosttypes
of Army weapon fire is relatively small.

1-1.6. 1.2 Target Motion With Respect tothe
Weapon

Obviously, anythingprojected ata moving
target, whetheritbe aprojectile from a weap-
on or a football rifled at a fast-moving end,
mustincorporate someallowance, orlead, to
account for target motion if a hit is to be
achieved. With all other conditions of a fire
control situation remaining unchanged, the
amountof lead requiredto correct for target
motion increases with the magnitude of the
target velocity and varies with the target's
relative direction; a target traveling at right
angles to the line of site requires a larger
lead anglethan a targettraveling atthe same
speed on some other path.

Targetrange and projectile time of flight
also affect lead. Therequiredleadincreases
as time of flight increases; or stated another
way, the greater the projectile velocity, the
lessis the lead required. On the otherhand,
lead angle decreases as therangeincreases.

1-1.6.2 Secondary Factors in Establishing
Input- Output Relationships

As indicated in Chapter 2, the firing
tables that form the basis of correcting for
the individual characteristics of projectile
trajectoriesare of necessity computedby as-
suming certain standard conditions. In an
actual fire controlproblem, various nonstan-
dard conditions must be corrected for if their
omission would seriously affectthe fire con-
trol solution. The followingnonstandard con-
ditions are typical:

1. Corrections to elevation firing data
to account for:

a. Differences in projectile weight
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b. Increase or decrease in muzzle
velocity, and
c¢. Ballistic head and tail winds.

2. Corrections to azimuth firing data to
correct for cross wind.

Because of the constantimprovementthat
is being made infire control equipment, one-
time insignificant sourcesof error may sub-
sequently become significant. Examples of
this are the corrections for cantand gun-tube
distortionrequired for moderntank fire con-
trol systems.

1-2 CHRONOLOGICAL DEVELOPMENT OF
ARMY FIRE-CONTROL
EQUIPMENTS 4-30

1-2.1 INTRODUCTION

Missile hurlingwas a skilled craftthous-
ands of years before writing was developed,
and ballistics--the study of the motion and
behavior characteristics of missiles--was
elevated from atechnicalart toa science fol-
lowingthe introductionof firearms to Western
Europeinthe 15thcentury A. D. Firecontrol,
on the other hand, reached scientific status
quite recently; accurate fire control became
practical only with the development of accu-
rate weapons in the last century and a half,
and the vastly increased ranges of weapons
and mobility of targets duringthe same period
made it a practical necessity.

1-2.2 PRE~-19TH CENTURY FIRE CONTROL
1-2.2.1 A Word on Nomenclature

Originally, the term artillery was ap-
plied to all devices used to propel missiles
through the air. With theinitial development
of firearms, however, all guns were called
cannon, to distinguish them from mechani-
callyoperated missile-throwingweapons. As
firearms developed further, those using pro-
jectiles of smalldiarneterwere termed small
arms, while all other firearms retained the
original terminology of cannon. Eventually,
the term artillery came to mean cannon in
this sense andto identify the arm of the Army
that mans and operates cannon. (See Refer-
ence 2 formodern definitions of gun, cannon,
small arms, howitzer, mortar, etc.).

1-2. 2.2 Control of Weapons Prior to Fire-
arms

A large variety of missile weapons were
used from the Stone Age through the Middle
Ages, ranging fromthe earliesthurled stones,
spears, andjavelins, to weapons using stored
energy (thesimplebow and later the longbow)
and weapons that were elastically operated
and mechanically retracted (thecatapult, bal-
lista, and laterthe crossbow). Control over
the accuracy of all these weapons, however,
was primarily amatter of skilland judgment.

1-2.2. 3 Development and Control of Early
Firearms

The medieval Chinese invention of gun-
powder probably became known in the Near
East early in 1200 A. D. to Moslems who
had fought with Mongols during the reign of
Ghenghis Khan. Gunpowderled eventually to
the inventionof firearms in the form of heavy,
crude cannon, which were introduced into
warfare in Western Europe about 1310 A.D.

The end of the 14th century witnessed the
appearance of the earliest hand firearm, the
hand cannon (see Fig. 1-3), which was de-
vised from the early crude cannon. The hand
cannon evolved as a simple wrought-iron or
bronze tube of large caliberand smoothbore,
mounted on a crude stock. It was muzzle-
loaded. had notriggeror sight,, and was fired
by lighting a touch hole of exposed powder.
Weapon firewas, of course, quite inaccurate.

Weapon improvements in the early days
of ordnance engineering were primarily re-
finements in the ignition of powder charges
for small arms, exemplified by the introduc-
tion of triggeringdevices and the elimination
of the objectionable match by the invention of
the flintlock. These developmentsresulted in
only small improvements in tne accuracy of
weapon fire, however. For example, as late
as the Rattle of Bunker Hill, the Continental
troops insured effectiveness of fire by the
simple expedient of holding ituntil they could
see the whites of the enemy's eyes.

Untilthe 19thcentury, controlof gunfire
from cannon, as fromsmall arms, was rudi-
mentary (see Fig. 1-4). It consisted chiefly
of aligningthe cannonwith the targetfor azi-
muth control and elevating it by eye. Some-
times the curvature of the trajectorywas al-
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Fig. 1-3. Aiming an early type of hand cannon.

Fig. 1-4. Aiming an early type of cannon.

1-10
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lowed forby "sightingalongthe line of metal. "
This was accomplished by aligning the top of
the muzzle with the point of aim, thus causing
the cannon to be elevated by the amount of
taper from breech to muzzle.

Asearlyas the 16thcentury, mathemati-
cians had established approximate solutions
for the trajectory of projectiles. Galileo,
Tartaglia, Newton, Bernouilli, Euler, and
others prepared the foundations for accurate
weapon laying in their treatises by bringing
theoretical ballistics "to a degree of perfec-
tion capable of directing fire in all circum-
stances' (to quote Tartaglia). Many of the
mathematicians of this period were even able
to prepare rudimentary forms of firing data
from range observations.

However, through the 18th century, in-
consistent gun performance and lack of inter-
est on the part of military authorities com-
bined to prevent any advance in fire control
correspondingto the advances in the science
of ballistics. Little attemptwas made toreg-
ulate initial velocity; powder charges were
estimated and the projectile load was vari-
able. These inaccuracies, combined with
poorworkmanshipon the guns and human fal-
libility in laying them, severely limited the
accurate range. Battle ranges were spoken
of as pistol shot (about 50 yards) and half
pistol shot (about 20 yvards). Targets were
slow; the fastestwas a chargingtroopof cav-
alry. Firecontrolisnotmentioned intactical
treatises or directives of the period.

1-2.3 DEVELOPMENTS IN THE 19th CEN-
TURY

1-2.3.1 Improvements in Weapons

In the 19th century, weapons improved
so much in consistency of performance, ra-
pidity of fire, and range that improved fire
controlbecameboth practicaland necessary.
Techniques improved generally in manufac-
turing powder and in fabricating gun compo-
nents with greater precision and durability.
However, perhaps the mostsignificantdevel-
opments were rifling and breech loading.

Rifling imparts rotation tothe projectile.
It thus gives the projectile stability in flight,
prevents tumbling, and reduces dispersion.
Rifling had beenused insmall arms since the
late 18thcentury in such more-or-less sin-

gle-shot applications as hunting. However,
as long as muzzle loading was used, rifling
was impracticalin military weapons because
of the difficulty of devising a projectile that
could both be loaded through a fouled bore
(especially after rapid firing)and at the same
time fit closelyenough to expand into the ri-
fling when fired.

Then camethe development of percussion
primers, which used a new powder that ex-
ploded when crushed, and metal cartridge
cases, which would "obturate" (i.¢., close
up)the gun breechto prevent propellant gases
from escaping. These made breech loading,
and hence rifling practical for artillery. The
first workable artillery rifle zppeared about
1846. Five years later, an elongated bullet
with an expandable base was developed, which
led to the cylindrical-ogival artillery projec-
tile with a rotating band of copper or soft met-
alalloyto engagethe spiral grooves of the gun.

Breech loading not only made rifling
practical; it made rapid fire safe forthe first
time.

1-2.3.2 Improvements in Fire Control

The first gunsights, introduced in the
Napoleonic Wars, consisted of fixed front and
rear sight points parallel to the bore of the
gun. They were mainly suitable for leveling
the gun at the point of aim.

Rifling introduced a driftto the right dur-
ing flight, resulting from the combined effects
of right-hand twist (allriflingin U. S. weapons
is right-handed) and gravity. In big guns, it
was first approximately compensated for by
inclining the rear sight bracket. However,
during and after the Civil War, increases in
range and consistent performance of guns
made graduated and adjustable gunsights a
necessity. The simple gunsight gave rise to
the tangent sight which consisted of a fixed
foresight near the muzzle and a rear sight
movable in the vertical plane. Thereference
point— anotch oraperture— ofthe rear sight
was supported on a swinging leaf. Vertical
movement of the rear sight was restricted to
permit it to follow adrift curve cut out in the
sight leaf, which thereby compensated for any
lateral deviation of the projectile due to drift.
Further refinements permitted lateral ad-
justment to correct for the effects of wind.

Toward the end of the 19th century, fire
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controlwas further improved by adding the
sight telescope, mounted on the gun so that
its line of sight could be offsetfrom the axis
of the bore of the gun to correct forthe ef-
fects of range, drift, and relative motion
between gun and target. Elevation scales
were graduated inaccordance withordnance
proving-ground data, and the weight and
composition of powder charges were care-
fully regulated. A finalimprovementin op-
erationwas obtained by installing two sights
and dividing the responsibility for keeping
the line of sight on target between (1)the
pointer, who controlled gun elevation. and
(2)the trainer, who controlled gun azimuth.

By the end of the 19th century, refine-
ments in the manufacture of guns, detailed
studies of trajectories, andsimplefire con-
trol sighting equipment had made possible
much more accurate long-range shooting
than had been possible atthe startof the cen-
tury.

1-2.4 DEVELOPMENTS IN THE 20TH CEN-
TURY THROUGH WORLD WAR II

1-2.4. 1 Introduction

Until recently, fire control concepts
could be mastered through a detailed study
of actual fire control systems. The in-
creasing number and complexity of weap-
ons and weapon systems— and hence of the
associated fire control systems—have now
made it impractical to learn general con-
cepts by this method.

Onthe other hand, as a backgroundfor
the approach pursued in the Fire Control
Series (which is based on explaining funda-
mental principles, treating the necessary
reasoning processes required to arrive at
superior fire control system designs, and
including pertinent illustrative examples),
a brief exposure to the "hardware" ap-
proach, in the formof a survey of fire con-
trol development during the 20th century,
should prove helpful. Sufficient detail is
provided toindicate operation of the equip-
ment and the functioning of the various
mechanisms involved. Those desiring de-
tailed information on its use with particular

weapons should consult appropriate opera-
tion manuals.

1-2.4.2 Weapon-Laying Devices

The development of fire control began
to intensify about the start of the 20th cen-
tury as weapons generally improved and
better ammunition became available. As
the range and accuracy of guns increased,
the use and improvement of weapon-laying
devices became mandatory. Ofparticular
significance were three different types of
quadrants developed by the Army for aim-
ing weapons in eclevation when engaged in
indirect fire:: (1)the gunner's quadrant,
(2) the elevationquadrant, and (3)the range
quadrant.

1-2.4.2. 1 The Gunner's Quadrant

The gunner's quadrant was developed
foruse inartillery fire control. It wasused
to adjust a gun to an elevation predeter-
mined by thefiringofficer from firingtables
and range data. The operation of this de-
vice is based on the principle of offsetting
a spirit level with respect to the gun-bore
axis. Figure 1-5shows the Gunner's Quad-
rant M1, which is a typical design for this
type of aiming device.

For coarse elevation, the swing arm
with the spirit level was set at the desired
angle with respect to the leveling feet by
means of the ratchet; for finerincrements,
the micrometer was employed. The quad-
rant's leveling feet were then set on ma-
chined leveling pads on the gun, parallel to
its bore, and the gun was laid by moving it
in elevation until the bubble was centered.
For elevations higher than 800 mils (45°),
a second scale, on the back of that shown,
and a second pairof leveling feetwere used.

1-2.4.2. 2 The Elevation and Range Quad-
rants

The elevationand range quadrants, im-
proved devices for laying guns in elevation,
also used the principle of offsetting a level
vialwith respecttothe gun-boreaxis. They

A device used for aiming weapons in azimuth during indirect fire is the panoramic telescope (see par 1-2.4.3.3), which is covered

under the general heading of Optical Sighting Equipment.
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Fig. 1-5. Gunner's Quadrant M1.

differed from the gunner's quadrant in that
(1) they were permanently attached to the
gun carriage and (2) they incorporated two
sets of elevation scalesin order that the two
components of the actual quadrant elevation
could be set into the device separately.::'
These two devices increased materially the
easeand quickness with which guns could be
laid.

ElevationQuadrant M1917, designed for
railway artillery, is shownin Fig. 1-6. With
this device, the elevation corresponding to
the range component was set in, being mea-
suredindegrees and minutes by means of the
discand drum, respectively. Then theangle
of sitewas set in, and the gun moved in ele-
vationuntil a bubble onthe angle-of-sitearm
was centered. A knob and bubble were also
provided forcross-leveling the quadrant, in
a plane 90" from the elevation plane.

The range quadrant speeded up the pro-

cess of laying the gun by using a matched
pointer system and by permitting the direct
settingof range, thereby eliminatingthe need
to use firing tables. On the Range Quadrant
M1 (see Fig. 1-7), for example, which was
mountedon the 75 mm Gun Carriage M2, the
angle of site was set on the scale and drum,
the range was '"cranked in" with the lower
right- hand knob andthe level-vial bubble was
thencentered by either of the two knobs pro-
vided. These actions offset the quadrant
pointer from its normal zero-range position
by an angle equal to the required quadrant
elevation. The gunwas then moved ineleva-
tion until the gun pointer, which moved with
the gun, matched the quadrant pointer. Clear-
ly, it was easier and quicker to match two
pointers than to elevate a large gun until a
bubblewas centered, especially for guns that
were lowered for each loading. The direct
range scale was, of course, only good for

* As noted in Chapter 2, the two components are: (1)the component corresponding to the horizontal range, and (2) the angle of site =
the component corresponding to the difference in altitude between gun and target. The angle of site can be determined by devices
such as the battery commander's telescope (see par 1-2.4.3.4) and the range finder (see par 1-2.4.5).
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one type of ammunition; for other types,
firing tables were used and the elevation
angle obtained was set onthe left-hand drum
and scale by means of the elevation knob.

1-2. 4. 3 Optical Sighting Equipment

When long-range artillery, automatic
weapons, powered vehicles, and aircraften-
tered the military field duringthe early part
of the 20th century, battle ranges and target
speedsincreased enormously. Improved ap-
paratus for sighting moving targets was re-
quired, both to cope with these targets and
to make maximum use of the increased range
capabilities of the new weapons. Many target-
observation devices were developed by ord-
nance engineers. World War I witnessed the
application of special sighting telescopes,
range finders, binoculars, and observation
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telescopes to Army weapons.

The special telescopes developed by the
Army included (1) the straight-tube tele-
scope, (2)the elbow telescope. (3)the pano-
ramic telescope, and (4)the battery-com-
mander's telescope.

Efforts at standardizationwere thwarted
in sighting and aiming equipment because
eachtype of weapon presented special design
problems. A specialtelescopeand telescope
mount were usually required for each type
of weapon to match its particular mechanical
design. In fact, ordnance engineers and de-
signers spent as many man-hours in the de-
signof mounts as in the design of telescopes,
in an intense effort to devise stable mounts
that would hold the telescopes in the proper
position with respectto the gun tube and con-
trol gears, and that would at the same time
provide for carefully adjusted movement of
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the telescope over a wide field of vision.

1-2.4. 3. 1 The Straight-Tube Telescope

The straight-tubetelescope has been one
»f the mostwidelyused instrumentsindirect
fire control. Its principal advantages are
(1) simplicity, with lower costs of manufac-
ture and maintenance, and (2) good optical
characteristics. Its chief disadvantage is
thatitrecoils toward theobserver--a severe
problem with all but the lightest-recoil wea-
pons whenever repetitive fire is involved.

Two basic types of straight-tube tele-
scopes have been employed:

1. Telescopes employing a lens erect-
ing system (see Fig. 1-8).

2. Telescopes employinga Porroprism
erecting system (see Fig. 1-9).

The lens erecting system keeps the di-
ameter of the telescope tube to a minimum,
consistentwith a givenfield of view. Hence,

ANGLE-OF-SITE
KNOB

/

{

GUN POINTER

QUADRANT POINTER

ANGLE-OF-SITE ”
s SCALE X

BUBBLE
@ CENTERING
; KNOB

@ DIRECT-RANGE
9@ SETTING

Range Quadrant M1,

it is used in telescopic rifle sights. The
Porro prism erecting systern, on the other
hand, is superior when tube length rather
than diameter must be limited. This system
was used extensivelyinthe sightingsystems
for seacoast and railway weapons.

Figure 1-10 shows a typical straight-
tube telescopic sight used in the early part
of the 20th century as direct-fire sighting
equipment for fixed seacoast weapons., to
whichit was attachedby a cradle mount. By
means of the elevation and deflection mecha-
nisms of the cradle, the sight could be offset
from the weapon by an amount proportional
to the required elevation (obtained from ex-
ternally measured range and firing tables)
and deflection (also obtained from firing
tables). (The cradle, with the sight rigidly
secured to it, could be moved vertically and
horizontally about its front end by means of
the elevation- and deflection-setting mecha-
nisms.) The telescope was then kept on the

1-15
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The optical system of a straight-tube telescope based

on the use of a Porro prism erecting system.

target by adjusting the gun in elevation and
deflection. The spring bolt kept the cradle
firmly against the elevating screw and pre-
vented accidental motion of the sightrelative
to the weapon.

1-2.4.3.2 The Elbow Telescope

The elbow telescope was slightly more
complicated than the straight-tube telescope
but it ended eyewardrecoil by permitting the
gunner to stand to one side of the gun. The
elbow telescope's opticalsystem was like the
straight-tube telescope's except that it In-
cluded a roof prism which both bentthe opti-
cal axis and erected the image.

Figure 1-11shows the opticalsystem of
a right-angle elbow telescope. A disadvan-
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tage was the difficulty of manufacturing the
roof prism withthe required accuracy. Any
variationof the roof anglefrom 90° produces
secondary images which makes the defini-
tion less distinct.

1-2. 4. 3.3 The Panoramic Telescope

The panoramic telescope combined the
functions of atelescope and periscope; it per-
mitted the observer to see in any direction
without changing his position. Its main pur-
pose was to permit aiming a weapon in any
directionduring indirectfire; in fact, it was
the most convenient telescope for indirect
fire. The opticalsystem required toachieve
this advantage, however, made itmore com-
plex and light absorbent than straight-tube
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Fig. 1-11. The optical system of a right-angle telescope.
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and elbow telescopes.

The panoramic telescope was used to
control direct fire as well as indirect on
weapons used for both, to avoid installing
a second telescope, but it was not as well
suited for direct fire.

The opticalsystem of apanoramic tele-
scope (seeFig. 1-12)was like thatof aright-
angle telescope but with rotating and objec-
tiveprisms added. The objective prism could
be rotated about the vertical axis, through any
desireddeflection angle, by means of an at-
tached azimuth controlwitha scale. The ro-
tating prism kept the image as seen by the
viewer in a vertical position as the objec-
tive prism rotated. This was accomplished
by gearing the prisms so that the azimuth
control turned the rotating prism through

OBJECTIVE
PRISM

OBJECTIVE

LOWER REFLECTING
PRISM

Fig. 1-12.

one-half the angle of rotation of the objective
prism about the vertical axis. If such an
arrangement were not included, the image
seen by the eye as the objective prism ro-
tated would itself rotate through a corres-
ponding angle about the axis of the eye and
field lenses.

Figure 1-13 shows a typical panoramic
telescope that was used asthe sighting equip-
mentfor the 75 mm Pack Howitzer Carriage
M1. Here, the telescopewas attached to and
remained integral with the Telescope Mount
M3, also shown in Fig. 1-13. The mount,
in turn, was attached to the left-hand side of
the howitzer carriage.

The mount and telescope permitted (1)
deflecting the weapon by any amountfromthe
fixed point of aim in indirect fire, or by the

PLANE GLASS WINDOW

ROTATING PRISM

FIELD LENS

RETICLE

The optical system of a panoramic telescope.
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Fig. 1-13. Panoramic Telescope M1 and Telescope Mount M 3.

amount determined from the firing tables in
directfire; (2)setting the angle-of-site com-
ponent and the range component of elevation,
or (for aspecific type of ammunition) setting
the range directly; and (3)cross-leveling the
telescope and mount. Theythus combinedthe
features of anall-aroundtelescopic sight with
those of the weapon-laying devices described
in par. 1-2.4.2. As in some of those de-
vices, elevation and angle of site were set
individually, each with its own knob, scale
(for degrees) and drum (for minutes); the
howitzer was then moved in elevation until
the elevationlevel vial bubble was centered.
The deflection- setting mechanism rotated the
objective and rotating prisms of the optical
system (see Fig. 1-12), and the tiltingknob
enabled the panoramic head to be tilted as
required to keep the aiming point in view
during indirect fire.

Note that the eyepiece forthis telescope
was inclined 25° from the horizontal (sece
Fig. 1-13)to give the operator a more com-
fortable position. In addition, it could be

rotated about the vertical axis so that he
could gethis head out of the path of carriage
motion when sighting to the rear.

Panoramic Telescope M1 was used with
the Telescope Mount M3 to lay the 75 mm
Pack Howitzer Carriage M1 as follows:

In indirect fire, a fixed point of aim
would be selected to give a geographical
reference line. Weapon azimuth would then
beestablishedwith respectto this lineon the
basis of target information obtained at an-
otherobservationstation. Tolaythe weapon,
(Dthe required azimuthwas set onthe deflec-
tion mechanism, (2) the required elevation
was set either in terms of range directly or
by means of an elevation angle obtained from
firing tables, (3)the mount was cross-lev-
eled. and (4)the telescope and mount were
moved in elevation and azimuth by elevating
and training the howitzer until (a)the eleva-
tion levelbubble was centered, and (b) the
vertical line of thetelescope was on theaim-
ing point.

In direct fire, (1)the deflection, as ob-
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tained fromfiring tables, was set on the de-
flection mechanism, (2) elevation or range
(as appropriate) and angle of site were set
as in indirect fire, (3) the mountwas cross-
leveled, and (4)the howitzer was trained and
elevateduntil thetelescopecross-hairs were
on the target.

This panoramictelescope was also used
in combination with other instruments. On
a later-model howitzer, for instance, it was
used for laying in azimuth only; its mount
(see Fig. 1- 14) had noprovisions for eleva-
tion, angle-of-site, or range settings. In-
stead, these were set on Range Quadrant M3
(see Fig. 1- 15)which was similar to Range
Quadrant M1 (seepar. 1-2.4.2.2). This ar-
rangement was used for indirect fire; for
direct fire, an elbow telescope was clamped
to the top of the quadrant.

The standard panoramic telescope in
general use from the latter part of World
War ITuntil 1940was the M1917. At thestart
of World War II, the M12 wasadopted to re-
place it. The MI12 was used primarily for
aimingthe gun in azimuth in indirect fire a-
gainst adistant stationary target (a quadrant
was used for aiming the gun in elevation).
Included on the horizontal crossline of the
telescope reticle was a mil scale for use
against moving targets under direct fire.
This arrangement was unsuitable with rapidly

LRIt

movingtargets, however, so this reticle was
supplanted in subsequent models by a grid-
type reticle having vertical linesto measure
lead and horizontal lines to give elevation as
a function of range. When used on medium-
range artillery weapons, the new reticle
made possiblethe rapid aiming of a gun at a
moving target by a single gunner.

1-2.4. 3.4 The Battery Commander's Tele-
scope

The battery commander's telescope,
which wasdeveloped during World War I, is
a binocular observation instrument designed
for the measurement of vertical and hori-
zontal angles. It was used primarily for
spotting and observing the effect of medium
and light mobile artillery fire; it was also
frequently used for range and position finding
(defined as the determination of the actual
range and directionof thetarget from the di-
recting point of a battery).

Figure 1-16 depicts the optical system
of the battery commander's telescope. It ac-
tually comprises twotelescopes with similar
optical systems. except that the right-hand
telescope has an additional retical that in-
corporates horizontal and vertical cross
lines and a deflection scale. Each telescope
is basically the same as a panoramic tele-

Fig. 1- 14. Panoramic Telescope M1 mounted on Telescope
Mount M16.
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Panoramic Telescope MIL.

scope (seeFig.
omitted.

The Battery Commander's Telescope
M 1915was the standard battery commander's
telescope during World War I. The major
features of this instrument are:

1. The two telescopes can be rotated
laterally from a vertical to a horizontal po-
sition. In their vertical position, the ob-
jective prisms are approximately one foot
abovethe eyepieces, thereby facilitating con-
cealment of the observer.

2. The angle-of-site mechanism per-
mitsthe measurement of verticalangles over
the range - 300 mils to +300 mils. The angle-
of-site scale is graduated every 100 mils.
The angle-of-site micrometer allows read-
ings of 1 mil.

3. The azimuth mechanism provides
complete rotation of the telescopic system
about a vertical axis. This rotation is mea-
sured on an azimuth scale that is graduated
every 100 mils. An azimuthmicrometer al-
lows azimuth readings of 1 mil.

4. The telescope mount is attached to
its tripod by a ball-and-socket joint. With
the sphericallevel, this joint provides means
for leveling the telescope.

The Battery Commander's Telescope
M1915 was primarily a 10-power binocular

1- 12) with the rotating prism

with a rather narrow field of view (4° 15').
After World War I the instrumentwas modi-
fied to widen its field of view, to provide
reticle illumination, and toimprovethetele-
scope in general. These improvements
proved of minimal value. A telescope of a
new, superior design was tested during
World War II and was adopted as standard
equipment in 1943, This instrument, the
Battery Commander's Telescope M65, pro-
vided a wider field of view, better lighting
qualities, and a more advanced reticle de-
signthanhad “een possible with the improved
M1915,

1-2.4. 3. 5 Sights for Re~nilless Rifles and
Bazookas

Sights for the new types of weapons in-
troduced during World War Il presented few
fire control problems for engineers. Both
the recoilless rifle (introduced in 1945) and
the shoulder-fired bazooka rocket launcher
(1943) required relatively simple sighting
equipment.

Recoilless rifles, produced in 57 mm
and 75 mm calibers, used straight-tubetele-
scopicsights (seepar 1-2.4.3. 1)calibrated
in yards fordirect fire. They couldalsouse
panoramic sights (see par 1-2.4. 3. 3) for
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Fig. 1-16.

indirect fire.

Bazookas were first equippedwith sim-
ple but inaccurate ring sights. Optical de-
vices were later developedbutwarshortages
of critical optical materials forced their
abandonment in favor of a hinged-bar sight.
However, in combat this sight was subject
to alignment inaccuracies and was replaced
in turn by a unique reflecting sight. It con-
sisted of a disc-shaped eyepiece in which a
small reticlewas positioned opposite a con-
cavetransparentmirror. Themirrorpartly
reflectedthe reticle pattern and partly trans-
mitted light. By 1945, all bazookas were
equipped with reflecting sights of this type.
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1-2. 4.4 Devices forNight and Extreme En-
vironments

1-2.4.4. 1 Instrument [1lumination

During World War I, many of the fire
control instruments lacked adequate night-
lighting devices for illuminating the scales
and levels. The most useful device was the
ordinary commercial flashlight which, how-
ever, had to be shielded to prevent exposure
of weapon position to the enemy.

In the 'postwar years, the Instrument
Light M1 was developed and standardized for
the Battery Commander's Telescope M1915.
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A lamp was clamped to the telescope that
could be pointed at the scale and level. A
short flexible cable connected the lamp to a
battery case containing a dry cell.

Complicated lighting systems powered
by storage batteries were alsotried but were
abandoned because of an excess of exposed
cable, difficultiecs ininstallation and servic-
ing, and high costs. Instead, flashlight-
type lighting systems using standard dry
cells were adopted for all fire control in-
struments.

Luminous material was also tried; re-
ticles were designed with luminous lines and
dots that glowed in the dark. Just prior to
World War 11, luminous material was used
successfully in the level vials of gunner's
quadrants--asignificantachievement, since
the quadrant was normally used in exposed
positions where the gunner was in danger of
being seenby the enemy if conventional illu-
mination was used.

1-2. 4.4. 2 Light Collimation

A more sophisticated approach to the
problem of directing night fire, suggested
shortlyafter Pearl Harbor, involved the use
of infraredillumination. Engineers and sci-
entiststurned their attention to the develop-
ment of anelectrontelescope capable of pene-
trating darkness, fog, and smoke. By late
1943, an illuminated collimator was devel-
oped that was attachableto a rifle orcarbine,
yvet easily removable for day service. The
new collimator performed satisfactorily up
to fifty yards during night firing tests. Fur-
ther development effort in this general area
of fire-control sighting equipmentwas halted
at this time, however, because ofthe lack of
a significant need by the Army.

Since World War 11, however, the ability
to conduct combat operations with armored
vehicles at night has assumedincreasing im-
portance (see par 1-3.2).

1-2.4.4. 3 Antiglare Filters and Protective
Lens Coatings

Considerablerescarchwas conducted on
antiglare filters and protective lens coatings
during World War 11. Tests made by the
Desert Warfare Boardin 1942 indicated some
advantages to the use of red, amber, and

neutral filters for sighting equipment but none
justified adoption. Better results were ob-
tained with nonreflecting coating on glass
surfaces and the substitution of solid-glass
prisms in telescopes for mirrors. Further
work expanded into the development of anti-
rain and antifog coatings, hoods for protec-
tion against sun and rain, as well as me-
chanical modifications to sighting equipments
in orderto simplify and facilitate operation.

1-2.4.4.4 Environmental Protection

The effect of extreme cold on the per-
formance of all types of fire control equip-
ment was investigated by the Army at Fort
Churchillin Canada during the winter of 1943-
44 and yielded valuable design and mainte-
nance-engineering information. The use of
fire controlinstruments in tropical theatres
of warfare soon revealed the ravaging effects
of fungus growth and other types of deterio-
ration. In June 1944, a committecewas form-
ed at Frankford Arsenal to study the protec-
tion of fire control instruments. The com-
mittee's efforts were directed toward the use
of protective coatings, the development of
moisture-proof sealing, the incorporation of
silica-geldesiccants, and the employment of
a volatile fungicide with the instruments.

1-2.4.4. 5 TargetIlluminationand Sound I o-
cation

Beforethe advent of radar during World
War II, both light and sound were used to lo-
cate aircraft 1. »veits approaching under the
cover of darkness, fop, or smoke. Systems
comprisingsearcilights, controlstations for
the searchlights, sound locators, and asso-
ciated power equipment were utilized. A
typical arrangement is shown in Fig. 1-17.
The purposeof the sound locator was to pro-
vide initial information on the general po-
sition of the target. The control station was
located about 200 feet from the searchlight
so thatthe controllingobserver's view of the
target would not be obscured by the diffused
light within the beam.

A 60-inch barrel-type high-intensity-
arc searchlight was standard in the U. S.
Army for antiaircraft artillery fire. The
searchlight was usually locatedin advance of
the battery so that a typical aircraft target
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Fig. 1-17. A typical arrangement for a target-illumination system.

would be illuminated at a visual angle'' of
about 40 degrees just prior to entering the
effective zone of gun fire. This advanced po-
sitionwas more favorable totargetillumina-
tion than a position at the battery itself be-
causeat a given slant range an aircraft flying
over a scarchlight at altitude presents sev-
eral times more reflective surface than it
does coming in head-on in a dive toward the
searchlight.

Atypicalsearchlight control stationused
sound to initially place the narrow pencil
beam of the searchlight on ornear thetarget.
The station was equipped with two pairs of
concentric dials, one pair for azimuth and
theotherfor elevation. In each pair, the in-
ner dial indicated corrected sound-locator
data which were received by self-synchro-
nous transmission (seepar 1-2.4. 12)froman
acoustic corrector. (Priorto World War 11,
the a-c self-synchronous data-transmission
system had been adopted as standard for the
U. S. Army. ) Theouterdialindicatedthe po-
sitionof the searchlight. The control-station
operator directed the positioning of the
searchlightuntil both of the concentric dials
were matched, indicatingthat the searchlight
had been positioned in accordance with the
corrected sound locator data. He accom-
plished this with handwheels connected to two
d-c brush- shifting, step-by-step, transmit-
ter motors, which inturn actuated receiving
motors at the searchlight that moved appro-

priately in elevation and azimuth.

The sound locatorwas constructed onthe
principle that if one is not facing directly
toward a sound source, the soundwaves reach
his two ears slightly out of phase since they
strike one ear before the other. This phase
effectwas magnified, and theoperator's bin-
aural sense sharpened, by the use of four
horns spaced severalfeetapartin adiamond-
shaped pattern. The horns all movedtogether
in elevation and azimuth. In effect, they in-
creasedthe baseline between the ears to the
distance between the horns inmuch the same
way that the sterecoscopic range finder (see
par 1-2.4. 5. 2) effectively increases the in-
terpupillary distance of the operator's eyes.
In addition, the horns served as sound col-
lectors and acoustic amplifiers. One pair
of horns located sound in azimuth and one
pair located sound in elevation. By means
of handwheels, the operator moved the horn
assembly in elevation and azimuth until it
was so directed that the sound waves were
reachingtheoperator'sears exactly in phase.

Large sound-lag corrections had to be
made tothe azimuthand elevationangles ob-
servedat the soundlocator. since sound trav-
els atonly about 1100 feet per second (in still
air at sea level). Thus, a 300-knot aircraft
at a slantrangeof 11,000 feetwould advance
5000 feetduring the 10 seconds required for
itsnoise to reach the sound locator. Further-
more, the lag varied with atmoshperic con-

*
Angle between the longitudinal axis of the aircraft and the searchlight beam.
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ditions.

Atypical acoustic correctorwas carried
on the trailer of the sound locator and com-
puted the corrections as follows:

1. It divided the estimated slant range
(which was manually set into the device) by
1100 feet per second to obtain approximate
sound lag.

2. Itmeasuredthe angular changeof the
target position in azimuth and elevation (as
supplied by the sound locator)during a fixed
periodto obtain the angular rates in azimuth
and elevation,

3. Itmultiplied the targetangular rates
by seconds of slant-range soundlag to deter-
mine the required azimuth and elevation cor-
rections.

4. It combined these corrections with
corrections for wind and other atmospheric
conditions.

5. It added the combined corrections to
the directional observations obtained from
the sound locator, thereby providing cor-
rected indications of the present position of
the target.

6. It continuously transmitted these
corrected data to the control stationby self-
synchronous motors; the data were used in
the manneralreadynotedto placethe search-
light beam on the target.

1-2.4. 5 Optical Range Finders

Fromthe ecarliest days of warfare, tar-
get ranges for direct-fire weapons were ob-
tained by estimating; errors were corrected
by adjustments based on observed fire. As
gun accuracyand rangeincreased, the prob-
lemof range findingbecame more acute until
a mechanical range-measuring instrument,
called a stadimeter, was developed by the

Fig.

Navy in 1898. Coupledwiththe adventof well-
regulated powder charges, this development
resulted in relatively accurate control of
weapon fire; fire control was transformed
overnight from guesswork to science.

Thestadimeter was crude, was accurate
foronly short ranges, and depended on know-
ing target height or other dimension. Army
ordnance engineers, utilizing the principle of
the stadimeter, pressed forwardinthe design
of more dependable and accurate range find-
ers, The instruments that evolved were
based on the solution of a horizontal right
triangle whose apex is the target and whose
baseis the optical lengthof the range finder.
The base and, of course, the right angle be-
tween base and line of site are fixed; range
is then proportional to the other, variable
base angle, which is measured. The degree
of magnification and the length of the range
finder controlled, to a great extent, the ac-
curacy and effective range.

Twotypes of optical range finders were
developed: firstthe coincidence range finder,
andlater the stereoscopicrange finder. The
coincidence range finder utilized a single
eyepieceand measuredthe angle required to
move a prism so that the images of the tar-
get picked up at the two ends of the range
finder (i.e., the base line)were aligned (see
Fig. 1-18). In thestercoscopicrange finder,
two eyepieces were arranged to utilize the
observer's sense of stereoscopic vision in
determining the range to the target.

1-2.4.5. 1 Coincidence Range Finder

Figure 1-19 represents schematically
the optical system of the coincidence range
finder which comprises the following ele-

1-18. Partial images in and out of coincidence in a coincidence range finder.

1-25



AMCP 706-327

X I

.......... i

i

/11 il M A\ ) R sy
QY U P T —[T‘;_E /

By o F R Or By
Fig. 1-19. The optical system of a coincidence range finder.

ments:

1. Penta prisms Bp, and BRrat the left-
and right- hand ends of ahorizontalbase line.

2. The associated objectives Oj, and
OR.

3. Two identical wedge prisms of very
smallangle W and Wi, mounted ininverted
positions, as shown. Wy is fixed, while Wpg
is movable.

4. Aneyepiece and anassociated ocular
prism (not shown). The optical axis of the
evepieceis perpendicular to the base line at
its center M so that its focal plane is paral-
lel to the base line.

The rays of lightenteringprisms By and
By, from a target at an infinite distance will
be parallel and will be reflected by Br and
Bp,atrightangles, sothatthey will pass along
the base-line axis of the instrument. The
images formed by the rays from Bgy and By,
will bein coincidence at point M in the focal
plane, provided wedge prisms WF and Wy
are in the closed or infinity position; in this
position, the light rays will pass through
without being refracted since the exterior
surfaces of Wp and Wy arc parallel.

If the range finder is directed at a tar-
get within its working range, however, the
rays of light entering By and By from that
target will not be parallel. Instead, if the
range finder is directed so that the target
image through By, is at M, as before, then
the image formed by the ray through By will
nolongerbe at M, butat someother position
P, andthe two images will not be coincident.
The displacement MP is a function of the
angle m, which is inversely proportional to
the target range.

The image formed by the ray through
BR can be brought into coincidence with the
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other image at point M by moving the wedge
prism Wy to the positionX. Each of the two
wedge prisms in this open position refracts
the lightray throughan equal angle, Wy re-
fractingupward and W, refracting downward.
The distance through which W7 is moved
fromits infinity position—in orderto achieve
coincidence of the two images— is propor-
tional to the angle m and is thus a measure
of the range which may be read froma scale
affixed to the range finder.

After passing through Wy and Oy, the
light rays are reflected by the specially con-
structed ocular prism to the focal plane of
the single eyepiece. The field in the focal
plane is divided by a sharp horizontal line,
as shown in Figure 1-18. The partial image
in the lower half of the field is produced by
rays passing through By, while the partial
image in the upper half is that produced by
the rays passing through Br. In some co-
incidence range finders, the images are in-
verted, as shown in Fig. 1-20. This ar-
rangement is desirable for targets thatare
clearly defined against the sky.

A typical carly coincidence-type range
finder was the Range Finder M1916. It had
a l-meterbase, 15-power magnification, in-
verted images, and a 3°10' field of view.
The range scale was graduated from 400 to
20,000 yards (a range that far exceeded the
instrument's capabilities, however). Ancele-
vation mechanism permitted rotation of the
plane of sight 18° aboveand below the hori-
zontal. Also provided, with scales and mi-
crometers, were angle-of-site and azimuth
mechanisms.

The Range FinderM1916 was used by the
Infantry, the Field Artillery, and the Cavalry.
Accordingly, it was designed to be easily
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Partial images in and out of coincidence in a coincidence

range finder that employs inverted images.

transportable and ruggedly constructed to
permit its precision optical equipment to
withstand the abuses of roughhandling; it be-
came the standard range finderfor field ar-
tillery during World War [ and, with minor
modifications, for the two decades following.
The Army tried to design an entirely new
instrument that was more compact, rugged,
and lightweight and that could be produced
more quickly and rapidly. While Germany
wasmarching over Europe inthe late 1930's,
experimental models were introduced but
failed to match the proven superiority of the
M1916. In 1942, the Army acquired, fortest
purposes, a l-meter Canadian-built range
finderthat was being produced for the Brit-
ish. The Fire ControlLaboratory at Frank-
ford Arsenal found it more accurate and light-
er thanthe M1916, and easierto manufacture
ina periodwhenmaterials were inshort sup-
ply. It was accordingly adoptedin December
of 1942 as fire control equipment for field
artillery (withthe designation M7) and for
infantry use (with the designation M9).
From World War Iuntil early World War
11, severalothermodels of coincidence range
finders were used, ranging inlength from 80
cm to 30 ft. (The larger models were used
on fixed bases, principally for coast artil-
lery. ) Coincidence range finders were satis-
factory for fixed or slowly moving targets;
however, coincidenceon fast-movingtargets
is difficult to achieve. Sterecoscopic range
finders are more effective on such targets.

1-2.4.5.2 The Stereoscopic Range Finder

The sterecoscopic range finder differs
from the coincidence range finder in that (1)
it is a binocular device and (2) its operation
depends upon sterecoscopic vision, i.e., the

capability of seeing objects in three dimen-
sions. In a human being, this capability is
due to the spacing between the eyes (the so-
calledinterpupillary distance), which causes
differentimages to be formed on the retinas
of the eyes when an object is viewed. The
brainthenconverts this image difference into
an estimate of the distance of %heobjectfrom
the observer: the abilityto estimate distance
in this way is called depth perception. It is
important to note that, when two objects are
observed simultaneously, stereoscopic vi-
sionenables the observer to judge with con-
siderable accuracy the relative distances to
thetwo objects. This relative-distance esti-
mation, rather than the estimation of actual
distances, is the basis of stereoscopic range
finding.

With the unaided eyes, the absolute limit
of stereoscopic vision is approximately 480
yd: Ina sterecoscopicrange finder this range
isincreased by magnification and by increas-
ing the base length of the instrument, which
effectively becomes an increased spacing of
the operator's eyes.

The stereoscopic range finder operates
as describedbelow (see Figs. 1-21land 1-22).
A systemof reticle marksandopticalwedges
are used to achieve the range- measurement
objective, asshown graphically inFig. 1-21.,
With the reticles directly in front of the ob-
server's eyes, as shown, the incoming rays
are paralleland the reticle marks appear to
be at infinity asis the case when one is gazing
at a star. Supposethe right-hand reticle can
be moved along the axis of the range finder
topositions 1, 2, and 3. Thenthetwoimages
in the observer's eyes will be combinedso
that he will sense the positions of the reticle
marks in space to be at corresponding dis-
tances [, II, and IIl. The amount of move-
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Fig. 1-22. Schematic representation of the right-hand side of the

optical system of a sterecoscopic range finder.

mentthat the reticle undergoes intranslating
alongthe axis from point 1to point 3 is thus
a measure of the distance in space between
points [ and 111. Therefore, if the right-hand
reticleis moved sothat its centralmark ap-
pearsto be at the same distance in space as
an observed object atpointIl—e.g., an air-
crafttarget— thenthemovement of the reticle
can be used as a measurement of the target
range.

In the practical designof a stercoscopic
range finder, the reticles are held in fixed
positions for greateraccuracy, but the same
result is obtained as in Fig. 1-21by moving
the right-hand image of the target as shown
in Fig. 1-22. The effect on the observer is
the same as before: as range changes, the
targetwill appear to remain stationarywhile
the reticle mark will appear to move. An
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optical ray from an infinitely distant object
such as a star would be deflected 90" by the
pentareflector at the right-hand end of the
range finder and thentravel alongthe range-
finder axis until it struck the optical wedge
W, where it would be deflected to the point
M on the fixed reticle. The subscript @ on
wedge W, indicates that the position of the
wedge can be made to vary with the angle «
of an incoming ray inthe same way as with
the coincidence type of range finder. With
the wedge at the infinity position onthe range
scale, the point M — where the optical rays
froman infinitely distant object hitthe ret-
icle — would coincide with the central mark
on the reticle.

If atarget F at a finite distance were
under observation, the optical ray entering
the right-hand side of the range finder would
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be atanangle & withrespecttothe perpendic-
ular to the base line and would follow the
dotted-line path shown onFig. 1-22, ending
up at point A on thereticle. In ordertomake
points A and M coincide, the optical wedge
W 4 would have to be moved a distance R to
the new position designated Wx. The dis-
tance R necessary to move the wedge to ob-
tain coincidence is a function of the angle o
which, in turn, is inversely proportional to
the range. Thus, as in the case of the co-
incidence type of range finder, the distance
the wedge has to be moved provides a mea-
sure of the range to the target.

Inpractice, the observerrotates a pairof
wedges insteadof translatinga single wedge.
The effectsensed by the observer, however,
is the same. The motion of the wedge-pair
is transmitted by gearing to a visible scale,
thereby enabling the target range to be read
directly.

Stereoscopic range finders found early
use in both seacoast artillery and field ar-
tillery. The fixed installations at seacoast
batteries permitted the use of large, accu-
rate stercoscopic range finders with bases
9 to 30 feet long. For field artillery use,
however, smaller range finders were re-
quired that were easy to transport and rug-
ged, so thattheir precision optical equipment
could withstand rough handling. In response
to this problem, the Army developed the 1-
meter M1916 coincidence-type range finder
(seepar 1-2.4. 5. 1)that remained the stan-
dard range- measurement equipment for two
decades. Although few stercoscopic range
finders remained in use by World War II,
thattype of instrument has subsequentlybeen
favored in the development of tank fire con-
trol systems (see par 1-3.2); however, the
present trend is toward coincidence-type
range finders.

Just before World War 11, stereoscopic
height finderswere used extensively by anti-
aircraftartillery. (These instruments were
made obsolete by radar during World War 11.)
This type of height finder was, in effect, a
stereoscopic range finder, with an additional
optical wedge system (comprised of two
optical wedges and associated mechanical
parts) for measuring aircraft altitudes. The
additional components solved the right tri-
angle in which the angle of elevation and
measured slant range were known quantities.

The chief advantages of the stereoscopic
type of range finderoverthe coincidence type
are (1)improvedaccuracy, (2)superiorabil-
ityto function under conditioris of poor visi-
bility, and (3)adaptabilitytooperationagainst
small, fast-moving targets. The chief dis-
advantage is that, despite the utmost care,
changes in optical alignment occur in the
range finder, so that it must be frequently
checkedand adjusted. There is alsoa belief
prevalentin the U. S. that the training of op-
erators of stereoscopicrange finders is dif-
ficult.

1-2.4. 6 Tank Fire Control Equipment

The British built and used the first tank
during World War I in an effort to break the
stalemate of trench warfare that prevailed
during the first phases of that war. Subse-
quently, in the period betweenthe two World
Wars, much effort was devoted to tank de-
velopment, particularly by the Germans.
World events during the 1930's emphasized
the importance of the tank in modern war-
fareand U. S. Army ordnance engineers also
directed considerable attention toward the
end of that decade to the problems of tank
warfare.

The use of rapidly moving tanks and ar-
mored vehicles confronted ordnance engi-
neers with two basic requirements:

1. Todesign fire- control sighting equip-
ment thatwould enable gunstobe aimed more
rapidly at swiftly moving tank targets.

2. To develop observing and sighting
devices for tanks themselves.

Asaresultofthefirst requirement, anti-
tank reticles were devised that allowed the
gunner to accommodate propertargetlead and
range adjustment at the same time. The M6
telescopic sight was adopted as standard in
1938 for use with the 37 mm antitank gun.
Later, other sighting telescopes employing
antitank reticles were developed that per-
mitted antiaircraft weapons to be brought to
bear on ground targets.

The second requirement — improved
means of observationby tank crews = posed
serious design problems for Army ordnance
designers. Priorto 1940, targets were sight-
ed through narrow openings in the turret.
These direct- vision slots weakened tank ar-
morandincreasedthe dangerto the tank crew
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from projectile fragments; also,theirlimited
visibilityforced the crewto openthe turret to
make observations, exposing them to enemy
fire. (Despitethehazards, most crews re-
portedly preferred this technique. )

To solve these problems, experimen-
tation with many sighting devices based on
the principles of the periscope was under-
taken. At first these devices were unsuit-
able becausethe observer had so little room
to move his head in the narrow confines of
the tank interior. Late in 1940, however,
Army weapons design engineers integrated
the periscope with atelescope in an effort to
giveboth the instrument and observer some
degree of protection; two experimental tank
periscopes, the T1 and the T2, thatincorpo-
rated a straight-tubetelescope for gunsight-
ing were designed. A linkage mechanism to
the gun enabled the gunner to aimthe weapon
for directfire simply by centeringthe proper
telescopereticles onthe targetwithout mov-
inghis head since theline of sight moved with
the gun. The opticalline of sightwas adjust-
ablein deflectionand elevationforboresight-
ing the weapon but adjustment proved diffi-
cult. The two periscopes were standardized
in 1941; the M1 for the 75 mm gun and the
M2 for the 37 mm gun.

Early in 1942, a more complex and ex-
pensive but also more accurate periscope,
the TC, was developed as a major improve-
ment over the M1 and M2 units. This peri-
scope utilized a high-powered telescope on
the right-hand side for sighting distant tar-
gets: the periscope itself, on the left-hand
side, employed a reflex reticle for sighting
nearby targets. Despite the high costs of
manufacture inherent in the optical and me-
chanical features of the design, the evident
superiority of the instrument warranted its
acceptance and standardizationas the M 10 in
1944.

The upper end of telescopic periscopes
projected above thearmor plate of tanks; ac-
cordingly, achance hit would shatterthe ex-
posed window, mirror, and body of the unit.
Therefore, additional direct-sighting capa-
bility was subsequently provided the tank
crew by means of a small, straight-tubetele-
scope that permitted sighting through a tiny
opening in the turret. This instrument, the
M70, was standardized in 1943 on the basis
of having acceptable optical characteristics
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(adequate magnification and a wide field of
view) and a size small enough to allow ac-
commodation to the limitations of space in-
side a tank. The uniquely small aperture in
the tank turret used with this sighting in-
strument minimized danger to the tank crew
from enemy fire. Later improvements in-
creased telescopic power from 3-power to
5-power in the M71 (see Fig. 1-23), which
became standard equipment onmost tanks by
1945. The M71 manifested a wider field of
view and better light- gathering power than
the M70.

A variable-power telescope was later
developed that could be readily adjusted to
provide either 4-power magnification with a
relativelywide field of viewor 8-powermag-
nificationwith a much narrower field. This
majorinnovation, the M83, was adoptednear
the end of World War 11. It was uniquely
adaptable for aiming at close-by targets,
using its 4-power capability, and forsighting
on distant targets, with its 8-power adjust-
ment.

DuringWorld War 11, the fire-control ca-
pabiiities of thetank were patently limited by
the lack of satisfactory range-finding equip-
ment. The M71 useda ballistic reticle, like
that shown in Fig. 1-24. The tank gunner
first estimatedrange by eye and then elevated
the weapon untilthe proper range graduation
of the reticle was placed on the target. The
deflectionpattern of the ballistic reticle per-
mitted the gunner to make allowance for tar-
get motion. The same principlewas used in
tank periscopes such as the M4A1l (see Fig.
1-25).

Accordingly, ordnance engineers in 1944
and 1945appliedthemselvestothetaskof de-
veloping an integrated tank fire control sys-
tem that would properly combine ranging,
computing, and aiming functions. The end
of thehostilities found the project still in the
development stage. However, optical range
finders were laterdevised that constitute the
primary sighting system forour current me-
dium tanks.

For recent developments in tank fire
control, see par 1-3.2.

1-2.4. 7 Tank Stabilization Systems

The African Campaign in World War II
revealed the need for a stabilized tank gun
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for accurate fire from a tank moving over
rough terrain. Crews were forced to stop
the tanks momentarily to aim accurately,
thereby providing enemy artillery with con-
venient sitting targets. Shortly thereafter
the Westinghouse eclevation stabilizer was
placed in the Medium Tank M4, the series
of tanks that included the Light Tank M5 and
the Medium Tank M26.

Maximizing the advantages of high- pow-
ered tank sighting systems for gun laying
while a tank was in motion became a para-
mount objective of Army weapon design en-
gineers during World War 11. The ultimate
goal was a stable platform for completely
stabilizing tank weapons during travel over
roughterrain. The gyrostabilizer, the stable
element employed by the Navy to lay ship's
guns in accordance with computed orders
(obviatingthe need to fire only in the middle
of a ship's roll), provided the Army with the
logicalanswer to the tank fire control prob-
lem.
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. Each vertical line and space equals 100 meters.
Each horizontal line and space equals 5 mils.
There are 1200 meters on the optical axis.

The field presentation iS shown as viewed 10 inches

The ballistic reticle for the 152 mm round.

The gyrostabilizer is based upon the
spinning gyroscope's tendency to resist dis-
placement away from its axis of spin. Ap-
plying the gyrostabilizer to vehicles, ord-
nance engineers mounted a gyroscope on the
gun cradle with its spin axis parallel to the
gun axis. Displacement, however small, of
the gyro control mechanism due to the ver-
ticalpitching of the tankas it lumbered over
rough terrain produced gyroscopic forces
that returned both gun and controlmechanism
tothe originalaimingposition. In effect, the
tank weapon remained fixedin space, pointed
at its target, while the vehicle rocked about
theweapon. However, lack of intensivetrain-
ing of gun crews limited the usefulness of
stabilized tank guns in combat; gun crews
still preferred to stop their tanks to obtain
accuracy of fire. As a result, preliminary
steps were taken by the Army to abandon the
use ofthese expensive stabilizers but these
steps were later rescinded. Instead, a pro-
gram of intensive training was undertaken;
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by the end of World War II, effectiveuse was
being made of gyro control equipment.
Work on tank stabilization systems has
continued with strong emphasis in the years
subsequent to World War II (see par 1-3.2).

1-2.4.8 Coast Artillery and Antiaircraft
Fire Control Equipment

The defense of United States territory
by seacoastgun batteries (established in the
latter part of the 19th century) and antiair-
craft gun batteries (established in the carly
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Periscope M4A1l (rear view).

partof the 20th century) emphasizedthe need
for developing fire control equipment and
systems forthese weapons. The evolution of
fastermoving, moreheavilyarmored vessels
was paralleled by formidable improvements
inthe speed, range, and accuracy of Coast Ar-
tillery weapons. The problems of seacoast
artillerywere unique: targetswere often be-
low gunelevation, shipsmaneuvered at sea,
presentinga field of fire that offered noref-
erence points; and because of the techniques
then current for acquiring accurate gun-fir-
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ing data, gun batteries were separated from
fire-direction centers, which complicated
the transmission of firing data and delayed
the time of fire. Antiaircraft artillery in-
troduced further complications since the tar-
gets moved in three dimensions and were
much faster and more maneuverable than
ships.

The paragraphs which follow highlight
the developmentof the various kinds of equip-
ment — primarily computational — that were
devisedto supplementthe sighting and range-
finding equipment already described, as re-
quiredto form effective firecontrol systems
for seacoastartillery and antiaircraft artil-
lery.

1-2.4. 8. 1 Plotting and Correction Devices

Early in the 1900's, ordnance engineers
resolved the various problems associated
principally with seacoastartillery fire by de-
vising specially instrumented fire-control
aids. These problems and the devices that
were developed to solve them can be sum-
marized as follows:

1. Range and position finding: the de-
terminationof the actualrange and direction
of the target from the directing point of an
artillery battery. TFor moving targets, this
includes the prediction of the set forward
point which is the predicted future position of
the targetat the instant the projectile is ex-
pected to arrive at the target. The various
devices developed to solve these problems
can be classified as either plottingboards or
plotting and relocating boards.

2. Range and deflection correction: the
determination and application of position,
materiel, and weather corrections for devi-
ations of existing conditions from those as-
sumed in the firing tables; once the actual
range and azimuth of a stationary target—or
the setforward point ofa movingtarget — have
been established, it is still necessary to con-
sider the various factors that influence the
flight of a projectile through the air before
applying standard firingdata to the problem.
(Asdiscussed in Chapter 2, these factors in-
clude pre-determined variations from the
normal in such items as the density of the
air, the direction and velocity of the local
wind, the rotation of the earth, and perhaps
the weapon itself or the propellant used.)
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While such corrections could conceivably
have been calculated from the firing tables,
this procedure wasnot practicalwith moving
targets or under other circumstances re-
quiring rapid application of firing data. The
various devicesthatwere developed to deter-
mine and apply the necessary range and de-
flectioncorrections include range correction
boards, deflection boards, and percentage
correctors.

3. Spottingand adjustment: Spotting is
the process of locating the points of projec-
tile impactwithrespect tothe targetor some
adjustingpoint. Adjustmentisthe calculation
and application of the range and azimuth cor-
rections required to place the center of im-
pact on the target. The necessity for spot-
ting and adjustment stems fromthe fact that,
in spite of (1)the care taken in the range-
and-position-finding phase and (2) the re-
finements employed in determining and ap-
plying range and deflectioncorrectionsto the
firing data, it is virtually impossible to place
the center of the projectileimpact exactly on
the target. Spotting was accomplished by
either bilateral spotting, in which two sta-
tions some distanceapart wereused, orsin-
gle-station spotting. With the lattermethod,
only sensings were generallyattempted, i.e.,
determination of whether the points of im-
pact were over or short and right or leftof
the target. Spotting by aerial observation
was atypicalmeans of single-station sensing.
In bilaterial spotting, which was much more
accurate, the angulardeviation of the impact
was read on an instrumentat each of the two
observation stations. From these two angu-
lar deviations, the range and direction devia-
tions were determined graphically by means
of aspottingboard. This completed the spot-
ting phase. In the adjustment phase, the
range and direction deviations were used in
the calculation of the required range and az-
imuth corrections. Adjustment boards and
charts were commonly used to facilitate the
determination of these corrections.

The paragraphs below describe briefly
the systems and devices used to find range
and position, correct, spot, and adjust.

Range and position were determined by
the "horizontalbase system". This system,
whichwas standard forthe seacoastartillery,
required two observing stations, each equip-
ped with an azimuth reading instrument. A
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typical 1918 instrument was mounted on a
tripod and consisted of an elbow telescope
mounted on a yokeas wellas avertical shaft,
so that it could measure elevation as wellas
azimuth. Azimuth and elevation microm-
eters permitted fine readings, and a throw-
out lever was provided for swinging the in-
strument rapidly on target. The observing
stations were located at the ends of a mea-
sured horizontal baseline. They furnished
data to a plotting board for use in the man-
ner already described. Another range-and-
position-finding system, known asthe "self-
contained horizontal base system”, required
only a single observing stationequipped with
ahorizontal-base range finder (such asthose
described in pars 1-2.4. 5. 1and 1-2.4.5.2)
that was also capable of reading azimuths.
This system was used normally by the smal-
ler, rapid-fire seacoastbatteries, and by the
larger seacoast batteries as an emergency
standby. Other applications were for field
artillery, cavalry, troops equipped with in-
fantry weapons, and — subsequently — tank
fire control systems.

The essential geometryof the horizontal
base system isshown inFig. 1-26. AB rep-
resents themeasured base line, C the target,
X the direction point of the battery, and the
angles CAB and ABC the azimuth angles de-
termined by measurement. While it is evi-
dentthat the system of triangles in Fig. 1-26
could be solved by trigonometric calculation
to determine the length and orientationof the
line XC, the need forspeed precludedsuch a
slow process. Therefore, a plotting board
was used.

Plotting boards located accurately, to
scale, the field of fire of the battery and all
the elements of the range- and-position-find-
ing systems intheir correct relative posi-
tions. An carlyplottingboard, used primar-
ily for mortar fire, was the M1904 plotting
board. Modifications tothis hoard led to the
development of the M 1915 plotting board dur-
ing World War I. Later, the more intricate
M 1923 (Cloke) and M 1plotting and relocating
boards were devised for use with alltypes of
mobile seacoast artillery.

The principle of operation of a plotting
board is illustrated in Fig. 1-27. The top
sketchshows atypicalseacoastartillery fire
control situation, which includes (1)a ship
target, (2) a base line (B'B’) whose length
and direction are accurately known, and (3)
a directing point (D. P. ) of the battery which
is locatedaccurately by means of coordinates
with reference to the base line. The bottom
sketch shows the basic elements of the plot-
ting board, which consists of the B' arm, the
B'" arm, the gun arm, and an azimuth circle
which is graduated and oriented so that azi-
muth angles actually determined at points B'
and B'" atthe ends of the base line can be
duplicated on the plotting board. The plot-
ting board was used as follows:

1. The operator initially set the pivot
points of the three plotting board arms so
that the field of fire of the battery andall
elements of the range-and- position- finding
system were located accurately to scale on
the plotting board in their correct relative
positions.

2. Hethen set the ends of the B' and B

Fig. 1-26.
system,

N

X

The essential geometry of the horizontal base
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Fig.

arms of the plotting board on the azimuthcir-
cle inaccordance with actual azimuth angles
determined at and transmitted from points B!
and B".

3. He next plotted the intersection of
these two arms. This located the instanta-
neous position of the target.

4. Hethen placed the gun arm owver the
plottedtarget point. Since the gun arm car-
ried a graduated range scale and had an as-
sociated azimuth scale, the operator could
directly read the range andthe azimuthof the
target from the directing point.

5. Forthe generalcase of a movingtar-
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A typical application of a plotting board.

get, the operator repeated the plotting pro-
cess at predetermined intervals. This pro-
cedure yielded a plot of the target's course,
from which its speed could also be deter-
mined. The locationof the setforward point
onthe plot could then be predicted by extra-
polation of the plotted course (taking into ac-
countthe time of flightof the projectile), and
the range and azimuth of this point from the
directing point could be read by means of
suitable scales.

Plottingand relocating boards, develop-
ed at a later date, permitted greater flexi-
bility inshiftingfromone base line to another
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and relocating the target, by assuming the
target to be stationary and plotting succes-
sive relative positions of the directing point
with respect to the target. The mechanical
equipment used to accomplish this is shown
in Fig. 1-28. It was more complex than the
plotting board described above; but with the
built-inadjustments plus replaceable scales,
it could be adapted for use under almost any
set of conditions.

Fig. 1-28.

Range and deflection corrections. Itwas
recognized early thatrange mustbe correct-
ed for nonstandard ballistic conditions and
that the corrected range must be translated
into suitable data for pointing guns in ele-
vation. A mechanical device, Range Cor-
rection Board M1, was adopted as standard
for Coast Artillery (see Fig. 1-29). It me-
chanically computed and combined range cor-
rections required forthe prevailing nonstan-

The mechanical configuratior of a plotting and

relocating board.

Fig. 1-29.

EOTION SCALY

Range Correction Board M1.
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dard conditions, such as variations in effects
of wind and tide, projectile weight, muzzle
velocity, air density, temperature, and ro-
tation of the earth. Theresultwas anet cor-
rection as a percentage of the range. Per-
centage Corrector M1 (see Fig. 1-30)was
used with this board. It was a mechanical
instrument forapplying ballistic corrections,
as well as fire-adjustment corrections, to
the actual range of the target to achieve the
corrected range or elevation.

The deflection board was developed for
the mechanical computation and application
of corrected azimuths. One of the carliest,
developed for guns, was the M1905, An im-
provedmodel, Deflection Board M1 (see Iig,
1-31), introduced the principle of applying
wind, drift, earth-rotation, and fire-adjust-
ment corrections ina manner similar to that
used in the Range Correction Board M1-Per-
centage Corrector M1 combination.

Spotting boards were employed in sea-
coast artillery to determine the range and
lateral deviations of the point of impact from
the target. One of the earlier types devel-
oped by the Army was the Gray spottingboard.
This was later modified and followed by the
Cole spotting board. an improved instrument
that featured an adjustable spottingbase line.
Spotting Board M2 (seeFig. 1-32)was finally
adopted as a standard instrument for deter-
mining range and lateraldeviations by means
of bilateral observation. These deviations
were applied as range and deflection fire-

adjustment corrections by means of a per-
centagecorrectorand adeflectionboard, re-
spectively, such asthose already discussed.

1-2.4. 8.2 Mechanical Computers

The advantages of the plotting and cor-
rection devices described in par 1-2.4.8. 1
were not fully realized since some of them
required as many as four operators to per-
form the required tasks. The resulting hu-
man-error factor and the time lag between
error-dataacquisition and correctionsetting
induced the Coast Artillery to draw up speci-
fications forcomputers that would automati-
cally produce firing data.

One of the earliestfiring-datacomputers
was the Mechanical Computer M 1917, devel-
oped by the French for antiaircraft purposes
and adoptedas standard during World War I
by the United States. It represented an ini-
tial approach to the complex gunnery fire-
control problems that were beginning to ex-
tend beyond the reach of human performance
capabilities, and was considered one of the
best of its kind in 1917.

However, it did not allow fornonstandard
conditions, and worse, it required time to
transmitand apply the firing data to the gun,
since at that time electrical transmission of
data to guns had not yet been achieved. In-
stead, firing datawere telephonedto the gun,
often from remote locations. The concept of

INTERVUT ATING PLATY

CORRECTION SCALE
Fig. 1-30.
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Fig. 1-31.

instantaneous and continuous calculation of
data and its application to the weapon was in
large measure invalidated by these disadvan-
tages.

1-2.4.8. 3 Early Mechanical Directors

Beforeand duriiigWorld Warl, the Brit-
ish Admiralty mastered the principle of di-
rectorfire, by which a battery of ship's guns
could be positioned forfiring from some ad-
vantageously remote location. Satisfactory
gun directors based onthose principles were
designed and built by the English Vickers
Corporation forthe British Navy. Soonafter-
wards, other directors became available to
British military ordnance. U. S. Army ord-
nance, borrowing a leaf fromits Navy coun-
terpart, adopted as standard a Vickers-de-
signed director designated M1, The design
of thisdirectorwas based onthe target angu-

WiNQOR DRIFY CORRECTION POINTER

CDEFLEOTHIM (HART

ROTATION OF EARTH
COTREECTION POINTE S

TED AZIMUTH INDE X TUNDER

Deflection Board M 1.

lar-rate-of-travel method (see par 2-3.3.2
of Chapter 2) for determining lead, Itwas
of the semi-ballistic type, i.e., there was
a partialcorrootion forthe nonstandard con-
ditions involved in projectile Flight.

For the next two decades, the search by
ordnance engineers for automatic computing
devicesthatwould eliminatehumanerror and
save ontime and manpower culminated in the
development of the standard M2, M3, and
M4 Directors, which were fully corrected
for nonstandard ballistic conditions. These
equipments were designed to use the target
linear- speed method for determining lead
(see Chapter 2, par 2-3. 3. 2)and to compute
ballistic databy means of three-dimensional
cams. Theywere classified asuniversal di-
rectors — becausethey couldbe used against
air, land, and sea-goingtargets — and their
field of operation included 360° of traverse,
10° ofdepression, and 80° of elevation. They
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Pig. 1-32. Spotting Board M2,

were particularly usefulagainst aircraft tar-
gets. Because such targets are small and
move rapidly inthree dimensions, a system
of automatic computation and transmission
of firing data to the gun battery had become
necessary to the satisfactory solution of the
antiaircraft fire control problem. (The de-
velopment of data-transmission equipment
is covered in par 1-2.4.8.4. )

The Computing Directors M1, M2, M3,
and M4 cach formedthe heart of its associa-
ted antiaircraft defensc system. A typical
complete system included (1)two tracking
telescopes mounted onthe directorand asep-
arately located height finder (see par 1-2.4.
5.2) to continuously determine the present
azimuth, elevation, and height of the target
for use by the director; (2) adata-computing
director to automatically digest this infor-
mation and, takinginto account its stored bal-
listic information, procude the angle of tra-
verse, the quadrant elevation, and the fuze

1-40

setting fortransmission to the gunbattery: (3)
a battery of guns, complete with suchon-tar-
get fire control equipment as sights, drums,
quadrants, and other aiming and laying de-
vices (sce pars 1-2.4. 2 through 1-2. 4. 3.4)
to utilize the firingdata generated by the di-
rector, so thatthe guns could be aimed to hit
the target; and (4) an automatic data-trans-
mission systemto provide adequateinforma-
tion transfer frorn the data-gathering ele-
ments of the systemto the directorand from
the directorto the gunbattery. Foroperation
at night, the system also included a search-
light, together witha controlstation., a sound
locator and a sound-lag corrector (see par
1-2.4.4. 5).

Incarryingoutits partinthe antiaircraft
fire control system, the director performed
three essential functions:

1. Itcontinuously determined the pres-
ent position of thetargetinrectilinear earth-
reference coordinates aligned with the local
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north-southand east-west axes by combining
the inputinformationon target azimuth, ele-
vation, and height.

2. Itpredicted the future positionof the
target, to account forthe travel ofthe target
duringthe time of flightof the projectile (and
thus the lead component of the total predic-
tion angle).

3. Itcomputedballistic data to (a)enable
the projectile trajectory to be placed si) as to
intercept the predicted future position of the
target and (b) enable the projectile to burst
at that point.

The paragraphs below describe briefly
the mechanisms by which the directors per-
formed these functions.

Present Position Determiriation Mecha-
nism. Presentpositionof thetargetinterms
of azimuth, elevation, and height was con-
verted into rectilinear coordinates in two
steps:

1. The rnagnitude of the present-range
vector's projectionontothe ground horizontal
plane that is tangent to the earth's surface
directly below the target and also at the di-
rector (the earth's curvature between the
point of tangency andthe director was insig-
nificant for the problem at hand) was deter-
mined bv the relationship (see Fig. 1-33)

R, =Hcot E (1-1)

R,=H COT E

where
R, = magnitude of the present horizontal
range
H = target height
E, = present target elevation.

)

2. The horizontal-range magnitude was
then converted into the corresponding hori-
zontal-range vector in accordance with the
telationship (see Fig. 1-34)

.

J

Ro "Ro /A (1-2)
where Ag is thepresent azimuthangle of the
target.

3. This horizontal- plane projection of
the present-range vector was then resolved
into components X, and Y, along the E-W
and N-S axes, respectively, by utilizing the
simple relationships between R,, A,, X,
and Y, that are represented in Fig. 1-34:

¢ =270° - A, {1-3)
X =R cos¢ =-R sinA, (1-4)
Y, =R sin¢ =-R_ cos A, (1-5)

Note that the thirditem required forthe rep-
resentation of target position in rectilinear
coordinates is target altitude whichwas pro-

TARGET

DIRECTOR

Fig. 1-33.

The geometry associated with the determining of

present horizontal range.
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vided directly by the height finder by means
of electrical data transmission.

In order to determine the required nu-
merical value of the presenthorizontal range
Ry, the Ry = H cotE relationshipwas solved
mechanically inside the director by a pin
ridingon a three-dimensional cam (see Fig.
1-35). The camwas designedto rotate about

its longitudinal axis (the cam axis) with re-
spect to the pin in proportion to the altitude
of the target H, and to translate along its

TARGET”

——

Fig. 1-34.

Y, components.

HORIZONTAL

Fig. 1-35.

The geometry associated
with the conversion of the horizontal-
range magnitude into the horizontal-
range vector and the subsequent reso-
lution of this vector into its X, and

longitudinal axis with respect to the pin in
proportion to the present horizontal range
R,. The amountof lift provided to the pin by
the cam with this arrangement was propor-
tional to the target elevation E, for given
values of H and R,. The shapeof the three-
dimensional cam was accordingly the ele-
ment that related Ry, H, and Ej in accor-
dance withthe relationship expressed by Eq.
1-1. That is, for a given value of present

PRESENT' ~

RANGE
CONTROL

TARGET
ALTITUDE
CONTROL

The three-dimensional cam-arid-pin arrangement used for

the determination of present horizontal range.
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target range R _, thecross sectionofthe cam
perpendicular to the camaxis (see Fig. 1-36)
would have a contour that varied with the
amountof rotation (proportional to the target
altitude H)inaccordance with the relationship

Radial vector of contour =
KE =Kecot' (Ry/H) =K tan' ' (H/R,)

(1-8)

INCREASING
H

Eo INCREASES WITH
INCREASING H IN

ACCORDANCE WITH

THE RELATIONSHIP
E, =cot’ (RO/H)

WHERE R IS CONSTANT

A\

where K is a constant of proportionality re-
lating the radial distance of the contour and
the present target elevation arid Ry is con-
stant at its given value for all values of H.
Similarly, for a given value of the target
height H, the cross-sectionof the cam pass-
ingthroughthe camaxis (seeFig. 1-37)would
have a contour that varied with the distance
along the cam axis (proportional to present

CAM CROSS-SECTION
PERPENDICULAR TO
CAM AXIS

n

RADIAL DI'STANCE
KE, =Kecot'l (R/H)

= Kron'! (H/R)

(A) Cam cross-section for a constant value of RQ

E_=cor!
i cot

(R, /H)

= tan"! (H/R )
o

(RQ = CONSTANT)

.(B) Mathematical basis of contour

Fig. 1-36.

The contour of the present-horizontal-range cam for a

cross section perpendicular to the cam axis.
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DISTANCE OF CONTOUR FROM CAM

AXIS =K E
c

=K ot (R_/H)
WHERE H IS CONSTANT

v

CAM AXIS

(A)

Cam cross-section for a constant value of H

1

R/H ————————
o

{H = CONSTANT)

(B)

Mathematical basis of contour

Fig. 1-37.

The contour of the present-horizontal-range cam for a

cross section passing through the cam axis.

horizontal range Ry) in accordance with the
relationship.
Distance of contour from cam axis =
KE, -Koot (R /H (1-7)
o = Koot (R /H)

where His constant at its given value for all

values of R, and K is the same constant of

proportionalitythat appliesin Eq. 1-6. With

the known target altitude (as transmitted
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electrically to the director from the height
finder)set intothe cam-and-pinarrangement
of Fig. 1-35, the horizontal-range control
was used totranslate the cam until the target
elevation represented by the lift of the pin
matched the known target elevation obtained
from the elevation tracking telescope.

The required horizontal-range magni-
tude, which corresponded to the horizontal
range setting thus established, was then con-
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verted into the horizontal-range vector Ry,
and this vector was then resolved into its
Xpand Y, components. Thesetwosteps were
accomplishedby means of the mechanicalar-
rangement depicted in Fig. 1-38, whose re-
lationship with the geometry shown in Fig.
1-34 is self-evident. This mechanism con-
tinuously located the horizontal projection
of thetarget (represented bythe movable pin)
with respect to the director (represented by
the vertical center line drawn through the
mcchanism). The lower disc rotated in ac-
cordance with the magnitude of the present
horizontal range as determined and set into
the director by the cam arrangement just
described. Through the use of equiangular
spiral grooves, rotationof the lower discthus
moved the pin along the radial groove of the
upper disc in accordance with the predeter-
mined magnitude of the present horizontal
range. The upper disc, on the other hand,
was positioned angularly in accordance with
the azimuth orientation of the azimuthtrack-
ing telescope so that the movable pinbecame
positioned in azimuth as well as range. By
virtue of its engagement of the two target-
position slides, as shown in Fig. 1-38, the
pin in turn positioned the slides and thereby
established the displacement Xg and Y, of
the target fromthe E-W and N-Slines pass-
ingthrough the origin of the coordinate sys-

tem associated with the mechanism. Thus,
the horizontal range vector defined by the
vector distance from the center line of the
mechanism to the pin was resolved into its
Xo and Y, components and the target was
continuously located in space, with respect
to the selected earth-reference coordinates.
Asthetargetwas tracked, the mechanism de-
scribed continuously served to locatethe tar-
get with reference to this coordinate frame.

Future Position Prediction Mechanism.
Toobtainthe future position of the target, the
present rate of target movement was first de-
termined and then mulitplied by the projectile
time of flight, which was computed on the
basis of time of flight versus range data for
the particular weapon and ammunition con-
cerned. (Because the projectile velocities
were so great compared with the target ve-
locities involved, the error resulting from
use of thetime of flight to the present target
position did not produce any significant er-
ror.)

The solution was obtained by one or the
otherof two mathematical approaches. One
approach, used inthe Vickers-designed M1
Director, was the so-called angular travel
method which wasbased on theuse of angular
rates; the future position of the target was
predicted by solving the mathematical rela-
tionships through the use of mechanical link-

TARGET POSITION

Fig. 1-38.

The mechanical arrangement used for locating the

horizontal-range vector and resolving it into its
X, and Y, components.
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ages. As mechanized in the M1 Director,
this method turned out to have the following
disadvantages:

1. Approximations were required to
permit mechanical solutionof the mathemati-
cal equations.

2. Themechanism would not function in
certain areas.

3. Parallax corrections were compli-
cated.

The second mathematical approach —
which was employed with the M2, M3, and
M4 Directors of the U.S. Army — used a
plan-prediction method based onlinear rates,
Rates of target travel along perpendicular
axes in the horizontal plane were determined
by various means (described below). For
conveniencein orientation and application of
wind corrections, these axes were aligned
with the N-S and E-W directions. The rate
of targetmovement along each of these axes
was multiplied by the computed time of flight
of the projectile to determine the horizontal
projection of the futuretarget position. ¥ The
complete prediction of the future target po-
sitionwas made by applying thetarget height
as obtained fromthe height finder. Any cor-
rections required to account for variations
from aconstant flight altitude were made by
spotting controls located onthe director. The
plan- prediction method forsolvingthe future
position prediction problem satisfied the ob-
jections to theangular-travelmethod. It did,
however, retain the intrinsic difficulty of
accurately representing large spatial dis-
tances on a small mechanical scale.

Severalmeans were used for determin-
ing the target rates along the N-S and E-W
axes of the reference coordinate frame em-
ployed; the M2, M3, and M4 Directors dif-
fered chiefly in the means of determining
these rates. For example, in the M2 Direc-
tor, the target rates were set in by hand.
This was accomplished by the operator's
matching (1)the rotation of a dial actuated
by a constant-speed spring motor operating
through a variable-speed drive with (2) the
rotation of another dial, concentric with the
first, that was driven by one of the two tar-
getposition slides in the present position de-

terminationmechanism (seeFig. 1-38). The
setting of the variable-speed drive to obtain
the match between the two concentric dials
was thus a measure of the target component
rate concerned. This rate was then multi-
plied in a linkage by the projectile time of
flight to obtain the predicted component of
future target position.
Disadvantagesassociatedwith theuse of
the springmotor ledto the use of tachometers
for rate-measurement in the M3 Director.
The movements of the two target position
slides in the present position determination
mechanism were geared respectively to the
stems of two tachometers. (See Fig. 1-39,
which shows part of the future-position-pre-
diction mechanism that applied to the N-S
axis. ) These tachometers, in effect, acted
as reversible-reading stop watches. They
were actuated by a trip lever that caused
them to measure the component target rates
forexactly three seconds. This durationwas
considered sufficienttoallow any irregulari-
ties in thetracking datacaused bythe track-
ing operators to be smoothed out. The dial
of each tachometer was graduated in target
yvards per second along the associated com-
ponent axis. The rate thus measured along
ecach axis was then matched with a pointer
on the tachometer by a handwheel that at
the same time coupled the rate information
into the multiplying linkage of the predic-
tive mechanism. As Fig. 1-39 shows, the
operator, by simply matching the pointers
on the N-S tachometer with his handwheel,
displaced the pivoted lever of the multi-
plying mechanism by a horizontal distance
proportional to the N-S target-travel rate;
the slide on this lever was displaced along
the lever by a distance whose vertical com-
ponent was proportional to the projectile time
of flight. This was accomplishedby the con-
straint placed on the sleeve by the time-of-
flightarm, whichwas freeto move vertically
as a function of the position of the time-of-
flight cam. This cam, which was shaped to
suit the time of flight versus range and alti-
tude data for the particular weapon and am-
munition, was positioned in accordance with
future horizontal range and altitude. com-

*
The assumptionwas employed that during the time of flight of the projectile the most probable course for enemy aircraft, especially

massed-formation flights, would be a continuation of a linear course at constant speed.

In particular, an enemy bomber had tobe

aligned in a definite direction prior to bomb release, which necessitated flying on a linear course for a limited period of time.
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1-39. The mechanical arrangement used for determining

the N-S component of target travel during the projectile
time of flight.

puted on a ballistic data mechanism (de-
scribedbelow). The resultant horizontal dis-
placement of the slide, which carried withit
the N-S prediction arm, was proportional to
the product of the N- Stravel rate and thetime
of flight of the projectile. The E-W compo-
nent of target travelwas primarily measured
in terms of a shaft rotation. The two com-
ponents were then combined mechanically
with the present position components X, and
Y,, as determined by the present position
determination mechanism, to establish the
horizontal components of the future target
position in the selected coordinate frame.
Provisionwas alsomade forparallax correc-
tions to the two future target position com-
ponents since director and gun battery were
sometimes widely separated.

The N- S and E-W horizontal components
of future target position with respect to the
gun battery were then converted to future
horizontal range and futureazimuthby asys-
tem of discs and slides similar to that used
todeterminethe components of present target
position (see Fig. 1-38). This was accom-
plished continuously and automatically by
means of an electro-mechanical follow-up
system.

Future target height was not computed

in the early mechanical directors: the com-
puting mechanism was based on a constant
target altitude. However, corrections for
altitude changes could be made with spotting
controls on the director, as described below.

Ballistic Data Computation Mechanisms.
The computation of ballistic data by the early
mechanicaldirectorswas based on the future
position of thetarget. Theballistic data com-
puted were of the following types:

1. The quadrant elevation, obtained by
adding the normal superelevation for future
range and altitudeto theline of site from the
gun battery to the predicted futuretarget po-
sition.

2. Thetime of flight which was used in
the prediction of future target position, as
discussed in connection with Fig. 1-39,

3. Corrections to the normal quadrant
elevationto accountfor the effect of (a)vari-
ationsin muzzle velocity from the standard,
(b) variatiors in air density from the stan-
dard, and (c)the direction and magnitude of
the ballistic wind (see Chapter 2).

4. Corrections to the future azimuth to
account forthe drift of the projectile and the
effect of the crosswind (see Chapter 2).

5. Thefuze setting which was based on
the corrected quadrant elevation.
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The mechanisms for computing these
data are described in the paragraphs below.

In the standard Directors M2, M3, and
M4 individual three-dimensional cams were
used to determine respectively the quadrant
elevation, the time of flight of the projectile
to the futuretarget position, and the fuze set-
ting. Eachof thesecams,which were similar
to thecam in the present position determina-
tion mechanism (seeFig. 1-35), incorporated
translation parallel to the cam axis that was
proportional to the predicted future height of
the targetaircraft Hp, and rotation about the
cam axis that was proportional to the pre-
dicted future horizontal range of the target
aircraft . As in the cam-pinarrangement
in Fig. 1-35, the outputwas a function of the
radialdistance of the cam follower pin from
the cam axis. Theassembly of ballistic cams
was readilyreplaceable so as to provide for
any change in weapon or ammunition that
might affect the ballistics.

Eachthree-dimensional cam was simply
a rangetable representedin physicaldimen-
sions and each plane section through a cam
axis represented a specific firing table con-

dition. For example, the output of the quad-
rant elevation cam (see Fig. 1-40)included
thenormalsuperelevation —i. e. , the super-
elevation associated with standard firing con-
ditions — associated with given values of the
predicted horizontal range R, and the pre-
dicted altitude Hp. During the operation of
the mechanism represented pictorially in
Fig. 1-40, the cam was rotatedabout its axis
by an angle proportional to and the fol-
lower pin was translated alor:pthe cam axis
by a distance proportional to H,, The re-
sulting radial displacement of the follower
pinfrom the cam axiswas proportional to the
quadrantelevationQ.E. Thus the unit mech-
anized the mathematicalrelationship
QE. =f(Rp, Hp) (1-8)
in which the relationship of Q. E. as a func-
tion of R, and H, was provided by the stan-
dardfiring table data for the ammunition and
weapon concerned.
Ballistic corrections to account for off-
normal conditions —i. ¢. , toaccount forvari-
ations between the standard conditions on

Fig. 1-40. A pictorial representation of the three-dimensional
quadrant- elevation cam used in the ballistic mechanism.
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whichthe firingtable datawere based and the
conditions actually existing at the time of
fire — wereintroducedbythe followingmeans:

1. Adriftcorrection, to account for the
drift of the projectile, was made as a hori-
zontal angular correction to the predicted
future azimuth of the target.

2. A correction for muzzle-velocity
variation from normal was introduced by
changing the value of target height Hy, used
in the computations.

3. A correction for density variation
from normal was made by introducing the
equivalent muzzle-velocity correction since

Muzzle-Velocity Correction = f{Density Correction)
(1-9)

4. Wind correctionswere introduced as
corrections to the target rates employed in
the future position prediction mechanism.

A quite different means of computing bal-
listic data was used insome other models of
directors; in these, charts were mounted on
cylindrical drums that revolved under mov-
able pointers. Normal superelevation was
plotted as a function of predicted target height

As a drum rotated in accordance with
HB'(the abscissas), the ordinate of the super-
elevation could be determined by matching
the properheight curvewiththe pointer which
moved along a vertical screw. Corrections
for abnormal conditions were made by sub-
stituting another chart that had height- ver-
sus-superelevation curves to suit the con-
ditionsathand. Anestof charts was furnished
with each director to provide for the spread
of abnormal conditions that would normally
be encountered.

Spot-CorrectionMechanisms. The early
mechanical directors were an improvement
over mechanical computers of the type de-
scribed in par 1-2.4. 8.2. Still, the firing
data provided to the gun battery by the direc-
torwere seldom perfect. Errorsarosefrom
suchvaried causes as erroneous metereolog-
ical data, targetmaneuvers (sincelineartar-
get motionwas assumed in the method of so-
Iution), and inaccurate measurement of target
height. Therefore, the director was also
equippedto control gun fire by applying spot
corrections for observed deviations. For
example, in the Director M3, spotting hand-
wheels were grouped on the rear face of the

director below the spotting telescope. In
order that the spotter could insert the re-
quired spot corrections by feel without re-
moving his eye from the spotting telescope,
the spotting handwheels were equipped with
spring-loaded detents.

1-2.4.8.4 Data Transmission

As work on gun computersanddirectors
progressed, researchers sought to minimize
the time consumed and errors committed in
transmitting firing data by telephone from ob-
servationposts to plotting rooms and finally
to gun positions. During the 1930's, direct
electricaltransmission of data was adopted,
permitting effective use of director-type au-
tomatic and continuous fire control systems
such as those described in par 1-2.4.8. 3.
Time was clearly the most essential factor
in the application of such systems. For ex-
ample, in the case ofthe most probable type
of aircrafttarget, an enemy bomber, the fu-
ture positionof thetargethadtobe accurately
and continuously determined, the firing data
automatically computed, and the necessary
shots fired to destroy the target; all within
the brief time intervalthat commenced short-
ly before thetarget came within firing range
and ended shortly before the target was in a
position to drop its bombs effectively. Fig-
ure 1-4 1portrays graphically a typical fire-
control situation in which the Director M3
determined firing data forthe 3-inchantiair-
craft gunagainst an incomingbombertravel-
ing at a rate of 200 mph arid at a height of
6000 yd. The director began tracking the
target when it came within the range operating
limits of the director's Computing mecha-
nisms, atpointR, and firingcommenced when
the target came within firing range, atpoint
S. The first projectile fired met the target
at the predicted future target position T, lo-
cated on the envelope of the gun trajectory.
The distanceST represents the distancetrav-
eled by thetargetduring the time of flight of
the first projectilefrom the gun battery (lo-
cated at the origin O)to the predicted point
T. To be effective, the weapon system had
to either destroy the target, or turn it back
prior to its arrival at the point of bomb re-
lease. Application of the time scale at the
bottom of Fig. 1-41shows that the time in-
terval during which the target could be ef-
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Fig. 1-41. Example of the time limitations inherent in antiaircraft fire.

fectively fired upon was less than one minute
and that the total time period between the
start of effective tracking of the target and
the end of effective fire upon the target was
only slightly more than one minute.

Two basic types of data-iransmission
systems were devised tomeet thetime prob-
lem: the direci-currentstep-by-stepsystem
andthealternating- current self- synchronous
system which wasadopted as standard by the
U.S. Army. Inbothsystems, a displacement
of the transmitler rotor was compensated
automatically by a corresponding displace-
ment of the receiver rotor when anexcitation
currentwas supplied. Thus, it became pos-
sible to provide the means, sought as far
back as 1919 by the Coast Artillery, for the
continuous and instantaneous transmission of
fire- controldatabetweentwo ormoreremote
units .

A typical early type of sclf-synchronous
data-transmission system is shown sche-
matically in Fig. 1-42. The transmitting
motor (transmitier)and receivingmotor (re-
ceiver)were identical electrically, each be-
ing a small bipolar, three-phase alternator.
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The rotor windings were not three-phase in
theusual sense, however, because asinpres-
ent-day synchros all induced voliages were
in time phase. 24 With the two rotors con-
nected as shown in Fig. 1-42 and with the
two stators supplied with excitation from a
common 110-volt, 60-cps, single-phase a-c
source, the tworotors always took positions
sothatthe voliages induced in the rotor wind-
ings were of balanced magnitude and dis-
placement. Because of this, any rotational
motion given to the rotor of one of the two
motors would be transmitted to and dupli-
cated by the rotor of the other unit.

A singletransmitteroften drove a num-
ber of rotors. One azimuth or elevation
transmitter in adirector might be connected
to four ormore receivers at the gun battery.
The transmitter, of course, was larger than
the receivers andwas designedto insure that
each receiver would develop its standard
torque.

In direct, or ''coarse'’, transmission of
data, the standard transmitter of the 1930's
controlled the rotor of 4 companion receiver
to a precision of 0.5". For greater accu-
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A schematic representation of an carly a-c self-

synchronous data-transmission system.

racy, "fine" vernier motors were added that
increased precision to 1/32° or 0. 55 mils.
Both elevation and azimuth data were cus-
tomarilytransmittedby separate coarse and
fine transmitter-receiver combinations.

A complete data-transmission system
betweena director and typical four- gun bat-
tery included three pairs of fine and coarse
transmitters at the director (for azimuth,
elevation, and fuze-setting data), the inter-
connecting cable between the director and
the gun battery, a main junction box at the
director, four distribution boxes at the gun
battery, and twelve pairs of fine and coarse
receivers at the gun battery — three pairs at
each gun for receiving azimuth, elevation,
and fuze-setting data.

To develop the full effectiveness of the
computing elements in a fire control sys-
tem, engineers soughtways of applying these
new data-transmission techniques so that a
constantflow of inputdata from remote coast
artilleryobservationstations could be trans-
mitted and processed instantancously and ac-
curately, and then relayed as output firing
data to the weapons under fire control. In
1942, research sponsoredby the National De-
fense Research Committee NDRC) produced
long-range azimuth and elevation transmit-
tingand receivingsystemsthat met these re-
quirements; they were standardized in 1943
as components of the fire control computing
systems. By this time, the synchro units

and data-transmission systems had changed
from those shown in Fig. 1-42to something
approachingthe modern configuration of Fig.
1-43. The stators in the generator (trans-
mitter)and motor (receiver)had three wind-
ings displaced 120° from eachother inspace,
andthe rotors were of two- pole construction.

1-2. 4. 8. 5 Refinements
rectors

in Mechanical Di-

Refinements in complex mechanical di-
rectors continued duringthe 1930'sinthe face
of rapidly increasing speeds of aircraft and
development of heavier, more powerfulweap-
ons. The introduction of low-flying strafing
planes and high-speed dive bombers in the
1930'sreduced the accuracy of existing me-
chanicaldirectors forclose-in fire and cre-
ated monumental design problems. Fortu-
nately, a British mechanical director, the
Kerrison Predictor, had been developed that
automatically elevatedand trainedanantiair-
craft gun through direct gearing as the di-
rector transmitted its computation. It was
adapted to American weapons as the M5 Di-
rectorundertheaegisof NDRC. It wasbased
onthetarget angular-rate- of-travel method,
had aneffective range of 2000 yvards, andwas
used with 40 mm guns.

Director accuracy was improved and
crew training time reduced in later modifi-
cations, notably the M5A2, by the addition of
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CURRENT SUPPLY 7

Figure 1-43.

A schematic representation of a present-day

synchro data-transmission system.

an altitude converter, a stereoscopic range
finder, and anelectrical arrangement for in-
troducing slant range into the multiplying
mechanism of the director. The Army then
attempted to upgrade director performance
with its M6 design, which was based on the
target linear-rate-of-travel method.

A subsequent mechanical Director, the
M7, more adequately answered the require-
ments of anantiaircraftdata computer. This
directorincorporateda device for correcting
transmitted fuze data for "dead time". Fuze
settingwas transmitted from the director to
a fuze setter at the gun, which setthe proper
fuze time on the projectile. However, there
was a time lapse, termed "dead time", be-
tween the setting of the fuze on a projectile
and the firing of that projectile, inwhich the
correctsettingwould usually change from the
director-computed value. Without a means
of correctingfor dead time, projectiles would
probablyburst at a point far from the target
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because of incorrect fuze settings. Combat
experiencewith this director indicated,how-~
ever, that stillfurther refinements were re-
quired. Accordingly, the development of me-
chanical directors was dropped in favor of
electrical directors.

1-2.4.8.6 Transitionto Electrical Direc-
1

The inception of the 90 mm AA gun in
1938 and the standardization of the 120 mm
high-velocity AA gun, the M 1, in 1944 created
an array of design problems. The 90 mm
gun was initially designed without the auto-
matic controls required for rapid elevation
and traverse of the gun. This factor pre-
cluded the use of adequate gun-director con-
trol. Later, in 1940, a power control servo
system for the gun was worked out by the
Sperry Gyroscope Company. It was a com-
plex of electrical, mechanical, and hydraulic
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units that, despite minor defects, provided
the gun with relatively accurate means of
aiming at targets moving at high angular
speeds. It had the outstanding feature of
operating effectively on targets at short
ranges, where manualtracking was difficult.

Priortothe simplification and standardi-
zation of this Sperry servo systemin 1941,
Army efforts were concentrated on the de-
sign and development of a gun-data Com-
puter, the M1, which embodied much of the
engineering know-how and design skills ac-
cumulated overthe previous two decades. It
dwarfed all previous computersinsize. This
enormously complicated mechanical brain
was nearly seven feet long, three feet high,
and three feet wide, weighed 5, 000 pounds,
and cost approximately $100,000. Used by
the Coast Artillery forlong-range guns, this
computer stored within itself a target-posi-
tion generator, wind-component indicator,
ballistic- correction unit, predictor, range-
to-elevation converter, parallax unit, and
three triangular resolvers, all intercon-
nected. The M1 Computer became standard
in 1940.

Despite its size and complexity, the M1
still was unable to overcome the vexing
errors inherent in mechanical systems.
Theseerrorsresultedinimproper gun firing
data, particularly whenthe target was a con-
siderabledistance away. In fact, asthever-
tical range of high-altitude bombers in-
creased, the mechanical directors generally
became unsuitable for antiaircraft defense
since the yardage error increased directly
with the range.

As work onthe 90 mm and 120 mm AA
guns progressed in 1940, scientists at the
Bell Telephone Laboratories proposed an
electrical gundirector. Enthusiasmover the
plan mounted when, later in the year, it ap-
peared feasible to incorporate the newly de-
veloped principles of radar for tracking pur-
poses.

Army ordnance designers, Bell Labora-
tories, and NDRC collaborated to develop,
design, construct, and standardize the mathe-
matically complex M9 eclectrical Director
early in 1942, Manufacture was simplified
by the use of standard components. How-
ever, the M9 Director, which was developed
for the 90 mm AA gun and later the M10
electrical Director which was developed for

the 120 mm AA gun represenred formidable
and extremely complicated devices that were
suitable only for large AA guns. Becauseof
their weight (about 3, 500 pounds) they were
installedin separatetrailers. Yetthey mani-
fested many distinct advantages over the
mechanical directors:

1. They eliminated many of the in-
nerent errors of mechanical prediction.

2.  They provided complete solutions
forthe nonstandard ballistic conditions pre-
vailing.

3. They effected a shorter minimum
slant range and an increase in maximum
horizontal range.

4. They improved target tracking.

Each electrical director consisted of a
tracker, a computer, an altitude converter,
and power elements that were all intercon-
nected by a cable system. Forvisible targets,
thetracker provided the computer with range,
elevation, and azimuth data. Theradar sys-
temwasused whenthetarget was not visible.
Theraw data defining the target's position in
polar coordinates (range, azimuth, and ele-
vation) were converted into rectangular co-
ordinates in the computer. The computer
alsodetermined the target velocity in order
to account for the time element and thereby
provide for lead. It then searched its bal-
listic references for firing {dataand cor-
rected for nonstandard conditions. It contin-
nously computed allfiring data automatically
and electrically; these data were transmitted
to the gun continuously and almost instan-
taneously.

1-2. 4.9 Fire Control System Development
During World War II

A unique pattern of weapon system de-
velopment emerged during World War IL.
Before that conflict, the responsibility in the
United States for the development of new
weapons andfire control systems rested with
the Army and Navy. Commencing in June
1940, that responsibility was shared with a
civilian agency of the Government, the Na-
tional Defense Rescarch Committee (NDRC)
(which became part of the larger Office of
Scientific Research and Develcpment (OSRD)
a year later) — though the Army and Navy
carried on a great deal of work on fire con-
trol apart from NDRC-OSRD. (See Refer-
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ences 25 through 30 for an extensive docu-
mentation of the work of OSRD and its
subdivision, NDRC, during World War II on
the development of new means for controlling
the behavior of projectiles and other mis-
siles. These means included new fire-control
devices and systems as well as proximity
fuzes™ and guided missiles.)

NDRC found many agencies and indi-
viduals concerned with fire control. It also
found that, withinthe limitsimposed by their
budgets, both the Army and Navy had en-
deavored toimprove methods and equipment.
This effort was supplemented by investiga-
tions carried out in private industry and by
the inventive effort of individuals. However,
the total of these efforts was much too little
and, although fire control was a long-estab-
lished subject, it was by no means a well-
established one. (For example, the per-
formance of antiaircraft artillery in the
Battle of Britain during 1940 was both ex-
pensive and ineffective.) With this back-
ground, NDRC elected to concentrate its
major initial activity in the field of ground-
to-air fire control. Activity started im-
mediately in conjunction with the Army.

Oneimportantoutcome was the develop-
ment of the M9 electric Director (see par
1-2,4. 8.6). Successfullyusedthrough much
of World War II, this director, with two other
OSRDfire-control developments — the SCR-
584 radar for locating targets and the prox-
imityfuze for exploding the projectile at the
target— solved the great menace of the buzz
bomb (V- 1)attacksagainst London during the
last year of the war. The combination of
high- quality radar ranging, fastand accurate
computation, and proximity fuzing made it
possible to shoot the bombs downas they came
inover the coast. (Forsecurity reasons, the
proximity fuze was initially restricted to
antiaircraft defense of the U. S. fleet, reach-
ing combat use for that purpose ecarly in
1943. Following its release for use against
the buzz bombs, its general use by field
artillery against ground troops was per-
mitted in December 1844. Projectilesfitted
with proximity fuzes helped stop the last
great German drive in the war.) Unlike
time-fuzed fire, proximity-fuze operation is

based on a satisfactory trajectory-to-target
distance. Without accurate fire control, a
proximity fuze is worthless.

Simultaneously with the crash program
of antiaircraft director development, NDRC
initiated a project forresearch at the Massa-~
chusettsInstitute of Technologyinthe general
field of servomechanisms. Thismarked the
beginningof interest in writing and distribu-
ting of mathematical treatments of servo
theory.

During this servomechanisms-develop-
ment period, several other problems vital to
the progress of fire control required solution:

1. The lack of adequate instruments
and procedures for the measurement, anal-
ysis, and assessment of the performance of
fire-controlcomponentsand systems. Atthe
start of World War 11, it was literally im-
possible to make a decision regarding any
fire control equipment on the basis of real-
istic, quantitative data. This situation was
finally corrected but only with intensive ef-
fort. As noted in Chapter XIX of Reference
25, "If any common factor of success can be
found in the various technical developments
described in this volume, it is the factor of
quantitative tests. This is particularly true
inthe complicated dynamical situations found
in fire control systems. " The principle that
measurement is the basis of knowledge is as
fundamental to new weapons development as
toanybranch of science and engineering; and
a corollaryisthat simulating devices are es-
sential to rapid development. (See Chapter
4 for the use of simulation in present-day
fire-control design.)

2. The lack of a systems engineering
approach. Systems engineering was often
overlooked in the development of military
devices. All too often, research and design
of the various components of a system were
assigned to independent groups in the vain
hope that the components so developed would
function properly together. Timeand money
were spent correctingthisfallaciousconcept,
and a remedy was imperative. (See Chapter
4 for the application of systems engineering
to modern fire-control design.)

3. Theneedfor understanding and im-
proving the interactions between men and

*
A fuze wherein primary initiation occurs by sensing the presence, distance, and/or direction of a target through the characteristics

of the target itself e its environment.
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machines. Various educational institutions
(mainlyPrincetonand Tufts Universities, and
Iowa State College) undertook studies of the
psychological and physiological factors that
shouldbe considered inthe designof fire con-
trol equipment. Human engineering is now,
of course, arecognized andestablished field,
and considerationof its principles is a requi-
site for weapon system development,

4. Theneedforanadequate theoretical
understanding of the fire control problems
involved. As fire control developed during
World War II, much effortwas devoted to the
mathematical analysis of fire control prob-
lems. The Applied Mathematics Panel set up
by OSRD to provide mathematical analyses
by the Army, Navy, and other groups at OSRD
proved invaluable. The work included theo-
retical analysis of predicting mechanisms,
analysis of the dynamic behavior of various
types of sights, analysis of devices for
smoothing input data, improvement of exist-
ing computers, creation of new computers,
and performance of a variety of probability
studies. One such study, for example, was
madelate in the war when AA was becoming
more effectiveand enemy planes were taking
more evasive actionand avoidingthe straight-
line flights for which the standard directors
were designed. Three different projects to
compute data for curved flight were carried
out, but probability studies showed that while
some gain was obtained by such computa-
tions, the increase in the probability & ob-
taining hits under conditions likely to occur
in practice did not make a convincing case
for adoption.

Although emphasis was initially on the
developmentof heavy AA fire control equip-
ment during World War 11, otherfire-control
developments proceeded concurrently; for
example:

Tank fire control equipment
Light AA fire control equipment
Rocket fire control equipment
Antitank sights

5. Improvementsinopticalrange find-
ers, gyro sights, and gun-data transmission
systems

6. Digital computers
In particular, the development of tank fire
control equipment gained impetus when, early
in 1942, achange inemphasis from defensive
to offensive warfare took place, and OSRD

_-PUJNH

set about adapting range finders and other
fire-control devices to new offensive situa-
tions. Up until 1943, U. S. Armytank crews
had merely employed visual. estimation of
range and the usual artillerybracketing tech-
nique. Sincetheuse of accurate range finders
and computers would enable tanks to fire for
effect with the first round, intensive effort
was applied tothe development of this equip-
ment. At the end of World War 11, this work
was still in the development stage but an
important foundation was laid for the de-
velopment of integrated tank fire control
systems that properly combined ranging,
computing, and aiming functions.

The digital computer development pro-
gram was undertaken to obtain a means of
analyzing projectile trajectories (see Chap-
ter 2). It was a joint effort between the
AberdeenProving Ground and the University
of Pennsylvania, with assistance from the
Institute of Advanced Studies at Princeton,
New Jersey. The ENIAC cornputer was the
result.

Guided missilesprogressed remarkably
during World War II but they were relatively
crude and limited to air-to-ground fire.

The civilian responsibility (via OSRD)
for the development of new weapons and the
associated fire control equipment terminated
with the end of World War 11.

1-3 RECENT AND CURRENT DEVELOPMENTS

IN ARMY FIRE CONTROL
1-3.1 GENERAL

By the end of World War II, asortof law
of diminishing returns was beginning to take
effectinthe methods of weapon and fire con-
trol technology that had achieved such dra-
matic results earlier in the war. Sophis-
ticated engineering designs, achieved often
at great expense and effort, were now pro-
ducing only minor improvements. Clearly,
fresh approaches, based on new concepts in
technology, were needed to extend the capa-
bility of strikingstrategic targets with mini-
mum risk to U. S. personnel.

Accordingly, efforts in the late 1940's
and the 1950's concentrated on developing
new weapons that would markedly increase
striking range, reduce susceptibility to
countermeasures, and achieve greater de-
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structive effect. These efforts resulted in
the development of guided missiles, capable
of ranges that varyfromafew miles to inter-
continental spans, asameans for defense or
attack, and of strikinga stationary or rapidly
maneuvering, high-speed target with pre-
dictable accuracy and probability of kill.

Missilesthat could be guided in flight —
that could be altered intheir course and speed
to match target maneuvers and compensate
forinitialerrors —opened up new fire control
approaches and new magnitudes of destruc-
tive potential. At the same time, of course,
the missiles themselves, as well as the new
high-performance aircraft developed after
World War 11, were targets of a new order
of speed and maneuverability, and the con-
ventional fire control methods and weapons
would not suffice against them. In missile
guidance and control systems, all or part of
the intelligence and control elements were
transposed fromthe aimingpoint of a weapon
to the missile itself.

The treatment of guidance and control
used with guided missiles falls outside the
scope of the handbooks in the Fire Control
Series. Information on this subject may be
found in the handbooks of the Surface-to-Air
Missile Series.31

Even for antiaircraftapplications, how-
ever, the need for developing conventional
weapons, together with their fire control
systems, continued after World War 11. Ex-
amples of such Army weapon systems are the
Skysweeper (for firing projectiles), the M33
(forfiring LOKI rockets), andthe Stinger (for
firing 60-caliber guns). Allwere forAA ap-
plications. For artillery, new computing
techniques have been introduced such as the
FADAC (Field Artillery Digital Automatic
Computer) equipment described in Chapter
13 of Section3 (Fire Control Computing Sys-
tems). And, of course, much of the AA equip-
ment is also suitable for use against ground

targets. For tanks, new concepts in range-
finding equipment, ballistic-computation
equipment, and low-light-level equipment

have been introduced.
Some recent programs of special in-

*

Security restrictions prevent any more than a broad coverage here.

terestaredescribed in the paragraphs which
follow. *
1-3.2 TANK FIRE CONTROL SYSTEMS

Since World Warll, theU. S. has devoted
considerable rescarch and development to
overcomingweaknessesrevealed in tank fire
control systems during that war (see par
1-2.4.6). Chief among these shortcomings
were the following:

1. Visual estimation of range.

2. Lack of correction of such secon-
dary (but still significant) effects as wind,
range, muzzle-velocity change, cant, etc.

3. Accommodation of only one range-
elevationrelationship onthe ballistic reticle.

4. Lack of effective devices for night
acquisition and tracking.

Obviously, with such rudimentary fire
control, the probability of a first-round hit
on opposing armor was unacceptably low, ¥
time forengagement was toolong, andopera-
tionwaslimitedto daytime. Because of these
deficiencies, a number of studies were made
immediately following World War II, with the
objective of determining what could and
should be done to improve tank fire control
systerns. One such study, conducted by
Frankford Arsenal during 1947, was partic-
ularly effective in establishing the desira-
bility of more sophisticated fire control than
had previously been provided. Moreover,
the study indicated that the greatest single
improvement in accuracy could be achieved
by providing an instrument capable of meas-
uring range. Top priority was given to de-
veloping such a device and that same year
Frankford developed the Range Finder T37
(see Fig. 1-44). This instrument is essen-
tially an auto-collimated,5-foot base, stereo-
scopic range finder with dual magnification
(7. 2X and 3.6X), into which is incorporated
a ballistic computing mechanism.

Unfortunately, the developmental cycle
of tank range finders was not completed be-
fore the Korean conflict. Therefore, the
first vehicles produced during that emer-
gencycould not be equipped with range find-

An excellent source of more-detailed information on recent de-

velopments is the series of Technical Information Reports issued by the U. S. Army. 32

Tn modern warfare if a tank does not score with its first shot, it may well be put out of action itself before it can fire again.
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Figure 1-44.

ers. For that recason, the fire control for
Medium Tank M46 consisted of a direct-fire
Telescope T152 and a Periscope of the M10
or M16 series that were not too dissimilar
from those used during World War II (see
par 1-2.4. 6). However, the telescope reti-
cles, as contrasted with those used with the
M4 (see Fig. 1-24), provided forfour differ-
ent range-elevation relationships (seeFig.
1-45)for use with the different weapons and
ammunition that might be employed. This
was achieved by engraving the ballistic scales
on the fixed reticle and providing a movable
index line that could be superimposed upon
any range graduation of the applicable scale.
Azimuth leads were inserted by means of the
azimuth deflection scale. The slightly tilted
vertical drift line allowed convenient cor-
rection for drift. Itisofinterestto note that
a somewhatsimilar arrangement is currently
being utilized inthe recently delivered XM114
Telescope for the new U. S. lightweight 105
mm Howitzer.

Another improvement incorporated into
Telescope T152 and its mount was a provi-
sion for cant correction. This was accom-
plished by rotating the entire telescope about
the boresight mark until the vertical cross-
hair was truly vertical. Rotational motion
was automatically controlled by pendulum-
activated contact switches.

It was not until 1952, when the Medium
Tank M47 was produced, however, that tank
fire control systems became available that
were appreciablybetter than those used dur-
ing World War 11. The M47 Tankutilized the
gunner-operated Range Finder M12 (de-
veloped asthe T41) as a primary fire control
system (see Fig. 1-46). TheM12 is similar

Top rear view of Range Finder T37.

to the T37. Itisa stereoscopic range finder
with a 5-foot base length and a 7. 5-power
magnification, and contains a number of de-
sirable features such as auto-collimation,
stationary eyepieces, boresight controls,
and removable end boxes. In addition, it
utilizes aballistic cam to convert range into
the required superelevation.

The fire control systems for the M48
Tank (see Fig. 1-47)and the M60 Tank (see
Fig. 1-48) use many of the same principles
asthe M47 system but they also include new
features, the chief being ballistic correc-
tions. Whereas the system for M47 Tank
convertsrange into superelevation within the
range finder itself, the systems for the M48
and M60 Tanks utilize a separate ballistic
computer, the M13A1D, for this function.
With separation, six accurately machined
ballistic cams can be included in the fire
control system and a fire control solution
can be selected that matches the particular
ammunition being employed. Withthe single
cam of the Range Finder M12 in the M47
Tank, the ballistic solution is only an ap-
proximation.

Additional features of the fire control
system for the M48 Tank are as follows:

1. The commander-operated Range
Finder M13 which was developed as the T46.
This range finder, whichis also stereoscopic,
provides greater accuracy as a result of its
improved optical design and longer base
length.

2. The Periscope M20A1l which has a
fixed-position eyepiece and a rotatable head
mirror. This feature is being utilized in all
subsequent tank fire control systems.

The fire control system provided for the
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Figure 1-45.

M60 Tankis the most recent standardization
tank fire control system produced for the
U.S. Army. Included in this system is the
Range Finder M17C. Inoutward appearance,
it closely resembles the M13 but it is a co-
incidence type of instrument. The coinci-
dencerange finderhas aninherent instability
dueto mechanical distortions causedbybend-
ing and thermal effects. Heavy construction
can minimize these but space limitations in
the M60 vehicle ruled out this solution. In-
stead, amanually operated compensating de-
vice is provided that corrects these distor-
tions. The success of this expedient has
been demonstrated by user acceptance.
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The reticle pattern used in Telescope T152,

Frankford Arsenal then initiated a study
to devise a coincidence range finder that
would be insensitive to environmental factors
and hence would not require manual adjust-
ment. The new designuses modular princi-
ples of construction to keep maintenance and
optical adjustment to a minimum. The many
advantages of this range-finder designare
generally recognized but the program never
went beyond the feasibility stage because of
the satisfactory performance of the M17C.

Inadditiontothe M13A1D Ballistic Com-
puter and the Range Finder M17C, the fire
control system for the M60 Tank also in-
cludes the Gunner's Periscope XM32 which
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provides alternative 8X visible viewing and
sighting, 8X active infrared viewing and
sighting, and unity-power visible viewing.
Periscope XM35, which also provides for
active infrared viewing, may be substituted
for the XM32 since. in conjunction with the
XM14 Reticle Projector, it incorporates in-
ternal projection of reticle data. At the
commander's station is the Periscope XM34
which is an 8X, visible, binocular instru-
ment, and the Periscope XM36 which func-
tions like the Periscope XM32,

Obviously, considerably progress has
beenmade during recent years but much re-
mains to be done. For example, the M60's
fire control system is far superior to the
M48'sbut it is still deficient in the following
respects:

1. Although the best available tech-
niques were utilized in its design, the M17
type of range finder does not completely
satisfy the requirements for such a device.
One of its principal shortcomings is exces-
sive errors at ranges of 2000 meters and
over.

2. Although many factors other than
range should enter into the determination of
weapon elevation, rangealone is used as the
basis for generating a solution for weapon
clevation. In addition, lateral effects are not
compensated for in any existing devices.

3. Although the gunner's and driver's
equipment provided in the M60 Tank offer
some night-operation capability, they require
an active searchlight which is undesirable
for security reasons. In addition, the range
of operation is not considered adequate.

The solution of these three problems,
which existevenin the latest production tank
fire control systems, has been the objective
ofthe fire control research and development
effort conducted in the U. S. during the past
few years, with the following results:

1. Range-findingequipment. Of all the
many problems that have been presented to
the designers of fire control equipment, the
design of equipment to measure range has
been the most challenging and, until recently,
the most frustrating. In general, two basic
techniques are available to the designer of
range-measuring devices. The first tech-

Lasers are amplifying devices that work in the infrared and visible light frequencies.

nique, used in optical range finders, solves
a right triangle in which the length of one
side (the baseline) is fixed and anangle is
measured to determine range. The second
technique involves transmissionof a pulse of
energy (such as a radar pulse) and measur-
ing the time required for it to return after
being reflected from a target. An extensive
discussion of the various design approaches
that canbe taken under these two techniques,
together with anevaluation of their effective-
ness, is reserved for Section 2 of the Fire
Control Series (Acquisition and Tracking
Systems).

For present purposes, however, suffice
to say that while the possibility of improving
baseline range finders definitely exists, the
problems inherent in this type of design
make the time-measurement technique much
more attractive. BecauseitwasSosuccess-
ful in microwave radars employed against
acrial targets, a program for the develop-
ment of tank Range Finder T44 on this prin-
ciple was initiated during the early 1950's.
Unfortunately, the reflection of signals from
the numerous objects that normally surround
ground targets could not be overcome and
the program was dropped. Theinvestigations
into microwave radar did, however, lecad to
interest in the so-called pulsed-light type
of range finder. For this approach, the re-
centbreakthrough in the field of lasers::: has
provided a light source of a brilliance that
should permit the development of tank range
finders of any required range and accuracy.
The laser range finder should also prove
superiorto existing optical range finders in:

(1) Small size (see Fig. 1-49);it will
be possible to install range finders in vehi-
cles that were previously too smallto accom-
modate them.

(2) Negligible power requirements.

(3) Night operation; thelaseristhe only
practicable means of ranging at night with-
out using searchlights.

(4) Economy; it is more economical to
produce in quantity than the Range Finder
M17 (the latest production type of optical
range finder).

(5) Ease of use; it will be extremely
simpletouse compared with existing optical

The name "laser"” is an acronym based on the

work that the device performs: light amplification by stimulated emission of radiation.
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M7 RANGE FINDER

LASER RANGE FINDER

Figure 1-49. A size comparison of the laser and M17 range finders.

range finders. (Theoperator willonlybe re-
quired to point the range finder accurately
at the target and press a button). This will
reduce trainingrequirements. However, be-
causcofits very short wavelengths, the laser
will not penectrate such obscuring agents as
fog and smoke, and thus cannotbe considered
a completely all-weather device.

2.  Ballistic- computation equipment.
The improvements in tank fire control sys-
temshave increased accuracy tremendously.
Sources of error that were insignificant in
the pasthavebecome increasingly important.
For example, during World War II, the tank
gunnerhad to estimate range. The resulting
errorinthe fire control solution was of such
an order that the relatively small error due
tocantcould be ignored. Whenrange finders
were introduced into tank fire control sys-
tems, however, errors due to cant became
significant.

Accordingly, in the development of re-
cent computers for tank fire control sys-
tems, increased emphasishasbeenplaced on
generating corrections for effects that had
previously been ignored. An example is the
XM16 Computer which was initiated during
1956. Thiselectronic device can generate a
solution for gun elevation that is based on
many factors not accounted for in the com-

puter provided in the fire control system for
the M60 Tank which contains the latest pro-
duction type of tank fire control equipment.
These factors include jump, cant, vertical
parallax, gunwear, and gun droop, aswell as
range and standard ballistics.

The XM16 Computer also corrects for
lateral effectssuchas drift, lateral parallax,
gun droop, cant, and lateral jump, none of
which were corrected in any previous tank
fire control systems. It can also be easily
modified to correct for cross wind (a sig-
nificantfactor) if an adequate means of wind
measurement is ever devised.

The XM16 produces an elevation output
for several ammunitions without specially
machined cams or carefully wound nonlinear
potentiometers. Instead, the solutionutilizes
a linear potentiometer provided with 10 tap
points. By changing the wvalues of the re-
sistors tapped into these points, the slope of
the voltage (which represents range) can be
changed. Utilization of this system allows
the range-elevation relationship for a given
ammunition to be approximated by 10
straightline segments. This principle is
illustrated on Fig. 1-50. The resistors
needed for any one ammunition are packaged
in a plug-in assembly that is somewhat
smaller than a package of cigerettes. When
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Figure 1-50. The generation of ballistic functions in the
XM16 and XM17 computers.

ballistics foranew ammunitionare required,
anew package canbe fabricated and installed
with a minimum of effort.

The major design features of the Com-
puter XM16 were incorporated into its suc-
cessor, the Computer XM17, In the XM17,
the outputs were introduced into the direct-
fire articulated telescope XM108 instead of
into a tilting-mirror periscope as was the
casewiththe XM16, Theincreased accuracy
of computers such as the XM16 and XM17
paysoffinabetter first-round hit probability
and a shorter time requirement to effect a
target kill. While the total volume of each
of these computers is larger than that of the
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Computer M13 which is used in the fire con-
trol systemfor the M60 Tank, the computers
arecomprised of anumber of small functional
units that may be located at convenient places
throughout the vehicle inwhich they are used.

As previously indicated, muzzle droop
and bend have been found to be significant
factors affecting firing accuracy. Despite
boresighting and "zeroing in", there is cur-
rently no assurance at any given time that
the tank fire control system is properly
aligned with the muzzle of the weapon. This
is due to the fact that temperature differen-
tialsmay arise duringfiringor during chang-
ing conditions of sunlight and wind. These,
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in turn, will cause the gun tube to distort in
a completely unpredictable manner, thus
causing the muzzle of the weapon to change
its positionrelative tothe fire control equip-
ment. Thismovement ofthe muzzle has been
proven by test to be a large source of error
in weapon systems utilizing long gun tubes;
in rapid firing, theerrormay be as much as
2.0 mils.

To compensate for these effects with
ballistic computers, the magnitude and di-
rection of the bend must first be measured.
The U. S. is presently developing muzzle-
position indicators for automatically intro-
ducingany change in muzzle position into the
ballistic computer which, in turn, will com-
pute corrections. Such a device is shown in
Fig. 1-51,and Fig. 1-52showshow it works.
Whenthisarrangement is used with long guns,
such as the 105mm, first-round hit proba-
bility will be materially improved.

Current ballistic solutions utilized in
tank fire control systems generate weapon
elevationas a function of range based on the
assumption that the target is at the same
height as the weapon. In the process of
bringing the periscope reticle on the target,
the angular height of the target above the
horizontal as measured at the gun position
(angle of site) is directly added to the ele-
vation generated by the computer. (Figure
1-53 shows the relationships). In other
words, current systems assume that ballis-
tic trajectories retain their shape as they
are rotated around the point of origin. As
shownin Chapter 2 (see par 2-2. 3. 3.9), this
assumption, which is known as the theoryof
rigidity of the trajectory. canintroduce sig-
nificant error into the fire control solution.
Studies recently completed have shown that
theerrorsresultingin tank fire control sys-
tems fromthis assumption, while small, are
still significant when compared with other
residual system errors. For this reason, it
is anticipated thatfuture computers will take
intoaccount the difference in height between
weapon and target,

Another study in the field of ballistic
computation relates to the feasibility and
desirability of substituting digital techniques
for analog techniques in tank fire control

This is a type of tube used for television cameras.

systems. This study will, of course, cover
such factors as accuracy, cost, and com-
plexity. Of greater significance, however,
will be the determination of whether addi-
tional functions, such as tank-to-tank target
designationand automatic checkout of vehicu-
lar components, can or should be included.
This study is still in its preliminary phases.

3. Low-Light-Level Equipment. Since
World War II, the ability to conduct combat
operations with armored vehicles at night
has assumed increasing importance. Start-
ing with the M46 Tank, the driver was pro-
vided with an active infrared viewing device
(Periscope M19), which permitted limited
movement of the tank under black-out con-
ditions. However, the gunner was not
equipped with a comparable piece of equip-
mentuntilthe advent of the M50 Tank during
1960. Thefire control system of this vehicle
(see Fig. 1-54), which is described above,
hasused Periscope XM32 in connection with
a xenon searchlight 18 inches in diameter.

Because of the obvious disadvantages
associated with active systems, the U.S.
duringrecent years has devoted considerable
effort to research that will result in a pas-
sive night sighting system of adequate per-
formance. Passive night sighting equipment,
as its name implies, is equipment that may
be employed when ambient light levels are
low, for vision and fire control without il-
luminating the target area from the observa-
tion point. Night ambientillumination levels
vary widely, depending on many factors;
representative levels, however., might be full
moonlight (10-2 foot lamberts) or starlight
(10-4 foot lamberts). In order to '"'sce"
passively under such conditions, an image
intensifier must be employed,

One approach to the problem has been
the use of television techniques. While the
complexity of television was recognized at
the outset of the program, the availability of
the required components made this approach
particularly attractive. As a result, the de-
velopment of a low-light-level fire control
system was initiated during 1959. Thissys-
tem, designated Electronic Viewing Equip-
ment (EVE), utilized animage orthicon tube*
as the sensitive element. A representation

By utilizing secondary emission and electron multiplicaticn, it produces the volt=-

ages that are subsequently amplified and transmitted as television-picture signals.
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Change in superelevation due to the elevation of the target

above the level of the firing weapon.

of the EVE XM39 installation is shown sche-
matically in Fig. 1-55.

While the XM39 system has progressed
well technically, the question arose during
1961 as to its ultimate desirability when
compared with potentially simpler equipment
thenindevelopment. A laboratory evaluation
of the imaging components then available or
soonto become available showed that (1)the
so-called image-intensified orthicon was
the most sensitive component against static
targets, (2) the three-stage cascaded image
converter tube was the next most sensitive
component, and({3) theimage orthicon (which
was used in the XM39) was the least sensi-
tive. The image converter tube also proved
simpler and more reliable. On the positive
side of the ledger for the television system
was its remoting capabilities, which in cer=-
tainapplications is of great importance, and
the availability of image orthicon tubes used
in the XM39 system.

Asaresultof the evaluation, practically
all current U. S. developmental effort in the
fieldof passive night sighting devices is re-
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lated tousingthethree-stage cascaded image
convertertubesas the basic element of such
devices. For example, at the present time,
the 9-power Periscope XM44 using a cas-
caded image converter tube that is electro-
statically focused is being developed for the
new U.S. tracked Reconnaissance Vehicle
XM551,

Inadditiontouseinthe Periscope XM44,
the electrostatically focusedimage converter
tube is being considered for use with tele-
scopes; preliminary designof an optical sys-
tem that can be adapted to the front end of
the existingtelescope of the M60 Tank is now
underway. This system is scheduled to in-
corporate provision of both 5X and 14. 2X IR
capability and 1 5X and 8X daylight capability.
A s may be seenfrom Fig. 1-56, the existing
first-generation device is large (itis much
larger and heavier than the IR Periscope
XM25). However, eliminationof the 18-inch
186-pound xenon lamp, currentlyincluded in
the M60 Turret, will result in a substantial
space and weight saving; Fig. 1-57illustrates
this strikingly. Thelarge searchlightisalso,
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Figure 1-55.

of course, very vulnerable to attack.

While the new systemis essentially pas-
sive, a small searchlight is included, since
such a device may be helpful under certain
otherwise marginal conditions. At present,
theprogram is restricted to a concept study
and the construction of simplified functional
mock-ups. Prototype constructionis not con-
templated in the near future.

The three-stage cascaded image con-
verter is inherently simple and should lead
to equipments of low complexities, compara-
ble to the M19 Periscopes. Timelyrealiza-
tion of tubes suitable for incorporation into
military equipments depends, however, onthe
successful completion of development pro-
grams now underway and perhaps the solution
of difficult physical problems. Productionin
quantity also requires the development and
application of special techniques. Concen-
trated efforts to provide the required pro-
duction of cascaded tubes are in progress
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Concept of the XM39 Electronic Viewing Equipment (EVE) installation.

under Army auspices.

The foregoing summary of new range-
finding, ballistic- computation, and low-light-
level equipment shows that significant ad-
vances have been made in the individual
components employed in tank fire control
systems.

These advances have resulted from both
newly achieved technological breakthroughs
and less dramatic, but equally important,
evolutionary refinements in design. While
the embodimentof these advances into equip-
ments has established the feasibility of the
principles involved, thisis but one aspect of
adesigndevelopmental program. Anequally
importantaspectisthe value of each of these
proven components as a part of integrated
fire control systems suited to specific weap-
ons and ammunitions.

Typical examples of system integration
are provided by fire control systems that
would be appropriate for use with two weap-
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- GUNNERS XM35 PERISCOPE
(ACTIVE)& XENON LAMP

Figure 1-57.

on systems currently being considered for
future use in vehicles (see Figs. 1-58 and
1-59). Example 1-1summarizes system in-
tegration considerations in the design of a
fire control system for an armored vehicle
employing the new low-velocity 152 mm gun

1-72

PASSIVE
PERISCOPE

NS
N j—SMALL
N SEARCHLIGHT
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Space and weight advantage of a passive night sighting system.

as the primary weapon. Example 1-2 ex-
amines the fire control system for an arm-
ored vehicle employing the comparatively
high-velocity 105 mm gun as the primary
weapon.
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Example 1-1.

System-integration aspects associated with a fire control system for an ar-
moredvehicle employingthe low-velocity 152mm gun as the primary weapon (see Fig. 1-58).

A. Aspects Associated With the Command-
er's Station

1. Because of curvature of the ballistic
trajectory and the resultant susceptibility to
disturbances caused by nonstandard condi-
tions, it is particularly important that low-
velocity weapon systems be provided with
accurate fire control. While there are many
reasons forpositioning the laser range finder
in the commander's cupola, as shownin Fig.
1-58, this location cannot be finalized until
more 1S known of the user's desires, the
space available, etc. Inadditiontothe range
finder, the cupola is also provided with a
passive day-night periscopic sight. Thero-
tationof the top mirror of the periscope will
be mechanically tied to the elevation axis of
the range finder and the machine gun so that
the periscope may be used for aiming both

these elements. Because of the passive-
night-sighting capability of the periscope,
ranging and using the machine gun at night
are possible without illuminating the target.
Because of the antiaircraft applications of
the machine gun, an elevation capability of
the line of site of the periscope of at least
60 degrees is required.

2.  Currently, theuser desires that the
commander's sighthave optical characteris-
tics tnat are identical with those of the gun-
ner's periscope. While it is the opinion of
Frankford Arsenal that the questionof power,
field of view, etc. of the commander's sight
should be given further consideration, ithas
beenassumedforthe purpose of this discus-
sionthat the commander's and gunner's sight
will have identical characteristics.

3. The value of 7-power binocular
daylight viewing currently desired by the

ELECTRIC DATA
TRANSMISSION

LASER
RANGE FINDER

Figure 1-58.
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Schematic representation of an integrated fire control system

for alow-velocity weapon system.
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Example 1-1 (Continued)

1ser is not questioned. There is, however,
:onsiderable question as to whether incor-
yorating this capability into a passive night
sightingperiscope wouldbe practicalbecause
f size and weight. One approach to solving
.his problem would be to provide two inter-
hangeable bodies, one of which would be
1sed for daylight viewing of targets while the
>ther would be for nighttime viewing. The
lifficulty associated with changing and stow-
ngthese bodies may be grasped from the fact
‘hat the passive body alone will weigh ap-
>roximately 50 pounds. Because of the prob-
.ems noted, itis quite possible that at pres-
:ntitwillbe necessaryto provide a periscope
with the characteristics listed in the tabula-
ion below. The ranges of operation shown
zan, of course, be enhanced by the addition
if a small (6- to 8-inch diameter) search-
.ight that would also be mounted onthe cupola.

2o0ssible Characteristics of the Commander's

Passive Periscope

“assive Night Viewing

Power 9X
Field of view 6°
Exit pupil diameter 9 mm
Daytime Viewing
High-power monocular
Power 8X
Field of view 8"
Exit-pupil diameter 7 mm
Unit power
Power 1X
Horizontal field of view 22"
Vertical field of view 8"

Other Characteristics

Elevation limits: =10° to 60°
Quick-acting shutter to provide protec-
tionof operator's eyes from atomic
flash
Two alternately viewed recticles:
Fixed reticle for missile guidance
and ranging
Movable reticle controlled by com-
puter output

4. As combat vehicles must be usable
inproximity to atomic blasts, itisnecessary
that some degree of flash protection be af-
forded to the gunner. Currently, there are
under development a variety of quick-acting
shutters that would be activated by the atomic
flash. Assuming that the reaction is rapid
enough to close the shutter prior to the ob-
server's eyes receiving burns, at least this
protection would be available. There are
now two approaches to the shutter problem
that appear to offer acceptable solutions. It
is, therefore, assumed that both the com-
mander's and gunner's sighting equipment
discussedherein will be equipped with these
"anti-flash' devices.

5. Because it is necessary for the
commander to have the capabilities of (1)
designating targets, (2) ranging, and (3)
emergency gun laying, positioning his sight
in the cupola introduces certain complica-
tions into the system. These complications
are caused by the necessity for orienting the
sight in azimuth and elevation together with
both the gun and the gunner's sighting equip-
ment. Inordertoaccomplishthis orientation
in azimuth, the cupola must first be brought
toa''zero'' position with respect to the turret.
The manner in which this is to be accom-
plished willbe the joint responsibility of those
designing the fire control system and those
designingthe armored vehicle. While mech-
anically complex, theideal designwould per-
mit the commander, once having laid on a
target, to bring the turret into the "zero"
position with respect tothe cupola while hold-
ingthe azimuthorientationof the cupola fixed
in space. It is understood that cupolas pro-
viding this capability have been considered.

6. In addition tothe problem of orient-
ing the commander's sight in azimuth, it
must also be oriented in elevation with re-
spect to other elements of the system. Be-
cause of the rotation of the cupola, thisorien-
tation cannot be achieved by means of a
parallelogram linkage. Instead, it will be
necessary to couple the sight to the other
elementsby means of a servosystemutilizing
clectrical data transmission. (Such a sub-
system is currently under development.
Errors of less than 0.1 mil are antici-
pated. )
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Example 1-1 (Continued)

B. Aspects Associated With the Gunner's
Station

1. The fire control equipment to be
provided for the gunner's use will, asforall
other elements of the system, be dependent
onboth the available turret space and the re-
quirements for any auxiliary equipment that
may be needed in connection with missile
guidance. The configuration shown in Fig.
1-58is predicated on the assumption that the
vehicle willbe armed with (1) a low-velocity
weapon (suchasthe 152 mm cannon) that will
fire a conventional round plus (2) some type
of guided missile (most probably Shillelagh),
which, inturn, will require that some ap-
propriate device (such as the Shillelagh
tracker) be pointed at the target. This de-
vice willbe pointed at the target by virtue of
the fact that it is closely associated with,
and accurately boresighted to, some piece of
sightingequipment that will, inturn, be aimed
by the gunner. Recent indications are that
association of the missile-system tracker
with the gunner's day-nightpassive periscope
will permit a more compact vehicle design.
Because the existing state-of-art necessi-
tates large components in both the passive
periscope and the Shillelagh tracker, how-
ever, it appears that a combined instrument
may at this time be prohibitively large. For
this reason, the system shown in Fig. 1-58
shows the missile-system tracker mounted
on an articulated telescope as it is in the
AR/AAV vehicle. Thistelescope would also
serve as an emergency means of laying the
weapon when firing the complementary
guided-missile round.

2. As shown in Fig., 1-58, the gunner
would be provided with a passive day-night
periscopeidenticalwith that of the command-
er. This periscope would serve as the pri-
mary system for laying the complementary
guided-missile round. Elevationorientation
of the sight with respect to the weapon could
be achieved by utilizing either the electrical
data transmission or a parallelogram link-
age.

3. Because of accuracy and parallax
considerations, both the laser range finder
2nd the missile-system tracker should be
oointed at the target by utilizing the sight

with which it is most closely associated.
Thus, inthe configurationshowninFig. 1-58,
the range finder would normally be operated
by the commander while the missile-system
tracker would normally be pointed by the
gunner. It should, however, be recognized
that inasmuch as the range finder, the mis-
sile-system tracker, the gun, the gunner's
sighting equipment, and the (commander's
periscope are all tied together in azimuth
and elevation, itispossible under emergency
conditions for the gunnerto operate the range
finderand for the commander to lay the con-
ventional round and to operate the missile-
system tracker.

4.  While the elevation orientation of
the various elements of the system has the
advantage described above, this also is a
source of a potential problem. Thisproblem
results from the fact that since the range
finder will be pointed in the same direction
as the gun, neither will be pointed directly
at the target when the gun is in firing posi-
tion. Because both vertical and horizontal
corrections are provided by the ballistic
computer, this deviation will be in both
azimuth and elevation. This condition does
not exist in current systems wherein no
horizontal firing corrections are computed
and wherein the range finder is maintained
parallel inelevationto the line of site through
the reticle of the gunner's periscope. Pro-
vided that the range finder is free to move
with respect to the weapon in both azimuth
and elevation (as it would be in a cupola
mount), the solution to this problem is not
technically difficult and will add but little
complexity to the system. This is one point
in favor of locating the range finder in the
cupola. Prior to a final resolution of this
problem, it will be necessary to solicit the
user's views as to how much the system
operation would be degraded b,y not having
the range finder pointed at the target during
laying of the weapon.

5. Boththe gunner's and commander's
periscopes will be provided with projected
reticles whose distance away from bore-
sight position willbe determined by the hori-
zontal and vertical corrections generated by
the new improved ballistic computer. This
computer will be similar in concept to Bal-
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Example 1-1 (Continued)

listic Computer XMI16 except that certain
factors previously omitted in the computa-
tionof corrections for the system under con-
sideration are as follows:
a. Vertical corrections will be based

on:

Range"'

Vertical jump"

Parallax*®

Air density

Air temperature

Propellant temperature (forits ef-

fect on muzzle velocity)
b. Horizontal corrections willbe based

on:

Range*

Cant*

Drift*

Horizontal jump"'

Parallax*

Cross Wind

Factors marked (") are included
in the correction computations
of the XM16 Computer.

NOTE:

6. Thereisno need to include correc-
tions for muzzle bendinafire control system
fora short-tube weapon such as the new 152
mm cannon.

7. Thefeasibility of providing most of
the required inputs has been established.
The major exception to this is measurement
of crosswind. As discussed in detail in
Frankford Arsenal Memorandum Report
M61-30-1, dated May 1961, there are many
problems associated with the measurement
of the winds that will influence the path of a
projectile during its flight. Among other
factorsare the time and space variability of
low-level winds. As a result of the multi-
plicity of problems, it has been concluded
that providing accurate wind correction is
not feasible at present.

8. Studies recently conducted have
shown that if a 50-percent reduction of the
errorsnow attributable to neglecting cross-
wind can be achieved, asignificantimprove-

ment in hit probability will result. This is
particularly true in the case of the low-
velocity ammunition under consideration.
Thus, despite the fact that a highly precise
measurement of the input is impractical, it
is advisable to introduce the correction for
crosswind into any new full-solution fire
control system that may be developed for
low-velocity rounds.

9. Recent computations have also
shown the importance of correcting the fire
of low-velocity rounds for deviations of air
temperature, air density, and propellant
temperature from standard conditions. As
a result, these correctionsare also included
in the proposed system. At present, the
method of obtaining the value of the air-
density deviation from standard has not been
resolved. It is possible, however, that a
satisfactory value may be obtained from the
periodic field-artillery metromessages
modified by local measurement of tempera-
ture. This is a matter that must be studied
in more detail.

10. Studiesundertakento determine the
anticipated performance of the 152 mm gun
firing Projectile XM409, assumingthe use of
the fire control system described. have shown
that:

(a) The increased effectiveness of im-
proved ballistic computers, as comparec
with the M13, is doubled by the inclusion of
corrections for crosswind, airtemperature,
air density, and propellant temperature. OF
thisincreased effectiveness, crosswind cor-
rection is a large contributer despite the
fact that the assumption has been made that
the correction has an error as large as L
percent.

(b) In the case of low-velocity ammu-
nition, afire control system utilizing a com-
puter of the M13 type will not be appreciably
more effective even though a laser range
finder is substituted for the M17. More-
sophisticated fire control systems, however,
will benefit to some extent from use of a
laser range finder.
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Example 1-2.

System-integration aspects associated with a fire control system for an ar-
moredvehicle employingthe high-velocity 105mm gunasthe primary weapon (see Fig. 1-59).

1. The fire control system proposed
€or use with high-muzzle-velocity cannons,
suchas the 105 mm cannon used in conjunc-
tion with the M60 series Tank, is shown
schematically in Fig. 1-59. Asinthe caseof
the low-velocity system, aschematicrepre-
sentation has been chosen because of the
great dependence of the final appearance on
space available in the turret.

2. Theequipmentprovided in the com-
mander's station is identical with that to be
utilized with the low-velocity weapon. Atthe
gunner's station, the missile-systemtracker
isnotrequired and hence the articulated tele-
scope is strictly an emergency gun-laying
device. As in the case of the low-velocity
system, the day-night passive periscope will
be the primary sight. Inasmuch as the ef-

fects of air temperature, air density, and
propellanttemperature on rounds fired from
the 105 mm gun are negligible, thesefactors
have been omitted from this system. While
the effect of crosswind on the 105 mm rounds
is considerably smaller than it is on the 152
mm round, it is advisable to consider in-
clusion of a correction for this effect, par-
ticularly if the instrumentation is not com-
plex.

3. Because ofthelength of the 105 mm
gun tube, distortion due to temperature dif-
ferentials that may exist in its structure is
a significant source of error, These temp-
erature differentials arise from firing the
gun and from rapid changes in exposure of
the tube to sunlight and wind, Experiments
conducted atseveral test sites have revealed

ELECTRIC OATA
TRANSMISSION

LASFR
RANGE FINDER

CUPOLA

COMMANDERS DAY-NIGHT
PERISCOPE

ELECTRIC DATA
TRANSMISSION

POSITION COMPENSATOR
RETICLE PROJECTOR

Figure 1-59.

™ GUNNERS DAY- NIGHT PERISCOPE

— WIND SENSOR

Schematic representation of an integrated fire control system

for a high-velocity weapon system.
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Example 1-2 (Continued)

:hatthe deflections of a long tube gun may be
2 mils or larger. Because of these deflec-
;ions, the automatic muzzle position indi-
cator is included in the system proposed for
:he high-velocity weapon. Deflections de-
:ected by it are automatically fed into the
dallistic computer, where corrections are
generated.
4. Because there are currently am-
munitions with three different muzzle veloc-
ities (4500 ft/sec, 3800 ft/sec, and 3000
‘t/sec) fired from the 105 mm weapon, the
computer must be capable of producing the
appropriate range-clevation relationships
lor all three of these ammunition types.
This is in contrast to the low-velocity sys-
:em, whereinthereis only one range-eleva-
;ion relationship required.
5. Based on the preceding considera-
:ions, the computer to be provided for use
.n the high-velocity system will generate
torrections based on the following factors:
a. Vertical corrections will be based
on:
Range*
Vertical jump";'
Parallax*
Ammunition type*
Muzzle bend

b. Horizontal corrections will be based
on:
Range*
Ammunition type*
Cant*

Drift*
Horizontal jump"'
Parallax*

Cross wind
Muzzle bend

Factors marked (*) are in-
cluded in the correction com-
putations of the XM 16 computer.

NOTE:

6. Studiesundertakento determine the
anticipated performance of the 105mm gun
firing the APDS projectile (M.V. = 4500 ft
per sec), assumingthe use of the fire control
system described, haverevealed the follow-
ing interesting facts:

a. A fire control system including a
computer with the characteristics of the
XM16 coupled with the automatic muzzle
position indicator will result in a signifi-
cantly improved first-round hit probability
as compared with the system currently in
use in the M60 Tank.

b. For a high-velocity round such as
the APDS projectile, the contribution of a
50-percent correctionfor crosswind is trivi-
al. Thisvalue willincrease, however, forthe
lower-velocityrounds that can be fired from
the 105 mm gun.

c. Incontrast to the low-velocity sys-
tem, substitution of the laser range finder
for the M17 results in a small but discerni-
ble improvementin the first-round hit prob-
ability.
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The proposed fire control systems dis-
cussed in Examples 1-1 and 1-2 cannot be
more precisely defined at present because
two conditions are still to be met:

1. A detailedinterchangeofideas must
take place between the designers of the
fire control systemandtheusers of the weap-
onsysteminto which the fire control system
is to be incorporated.

2. The fire control system designers
must know indetail what space will be avail-
able in the armored vehicles. A schematic
presentation is used in Figs. 1-58 and 1-59,
rather than the more realistic type of pres-
entation used in preceding illustrations,
because the appearance of the fire control
systems depends greatly uponthe actualcon-
figurations of the vehicles.

Despite the present detailed uncertain-
ties, however, the general merits of the two
proposed systems should be clearly evident.
A's compared with the latest equipment cur-
rently available in such vehicles as the
M60A1, the proposed systems offer the fol-
lowing advantages:

1. While some components are larger
than those currently used, the elimination of
the xenon searchlight and the reduction in
size of the laser range finder as compared
with the M17 Range Finder will result in an
overall system that is smaller, lighter, and
easier to place in vehicles than existing
equipment.

2. Theproposed systems willbe better
suited for operationunderavariety of battle-
field conditions than any currently in exist-
ence. Theflash-protectiondeviceswill offer
somedegree of eye protection against atomic
flash. The passive night-sighting equipment
will enhance the capability of fighting at night.

3. Crew security will be increased by
elimination of the extremely vulnerable 18~
inch-diameter xenon searchlight.

4. Accuracy will be increased.

5.  Whilecertain components are more
costly than those currently in use, it is be-
lieved that as the prices of the image con-
verter tubes and the laser range finder are
reduced by quantity production the proposed
systems will ultimately cost little if any
more than comparable systems currently in
use.

6. Because of the several automatic
featuresincluded, plusthe simplicity of using

thelaser range finder, the proposed systems
shouldbe easierto operate than those now in
existence. This will result in faster reac-
tion time and decreased training require-
ments.

Accordingly, it can be concluded that
recently conceived components will make it
possible to design integrated tank fire con-
trol systems that are significantly better
than those currently in existence.

A final point should be noted with re-
gard tothe configuration of fire control sys-
tems for armored vehicles. The ultimate
decision as to the fire control equipment to
be provided for a given tank weapon system
must take into account not only the afore-
noted merits of the so-called "full-solution"
systems but also the merits of ballistically
matched spotting systems. An analysis of
this highly complex problem is beyond the
scope of this handbook. It can definitely be
stated, however, that (1)development of " full-
solution" systems will improve first-round
hit capability, and (2) this will in turn di-
minish the chief virtue of spotting systems.

Work on tank stabilization systems has
also continued with strong emphasis on the
years subsequent to World War 11. For ex-
ample, in 1950, Vickers, Inc. built a com-
pletely integrated fire control system that
combined a coincidence range finder, anauto-
maticlead computer and a stabilization sys-
tem for the Light Tank T41. This system,
like the Westinghouse system, employed
hydraulic power drives. The British, on
the other hand, developed a stabilization sys-
temfortheir CenturionlIIl tank: that employed
an electric power drive.

An extensive discussion of the various
designconsiderations that apply to tank sta-
bilization systems is reserved for Section 4
of the Fire Control Series (Weapon-Pointing
Systems).

1-3.3 AA FIRE CONTROL SYSTEMS

Between World War II and the early
1960's the Army put a major effort into the
improvement of antiaircraft fire to match
the increasingly high speeds of modern air-
craft. Special emphasis was placed in de-
veloping lightweight, mobile, semi- or fully-
automaticradar-controlled trackingsystems
for use in forward areas.
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Formidable difficulties were encoun-
tered, particularly intrackinglow-flying air-
craft. No radar was able to discriminate
such aircraft from the "nap' of the carth
consistentlyenough to lock on the target and
track it automatically. Computers were un-
abletoprocessthe very rapidly changing in-
puts of target range and angular velocity, or
they were too cumbersome and difficult to
maintain in the field, or both.

Combination optical and radar systems
were tried and other simplifications madeto
increase usefulness of front-line weapons.

Though some of the weapon systems
proved effective against some kinds of tar-
gets, none achieved the specified minimum
percentage of hits on high-speed maneu-
vering targets at low altitude. The last of
these systems, the Vigilante, was phased out
in 1962 infavor of the Mauler Forward Arca
Defense Missile System.

The very difficulty of the problems that
prevented complete success in ground fire
control against high-performance aircraft
also lends interest to the research and de-
velopment devoted to these problems. For
this reason, some of the systems are de-
scribed in the paragraphs that follow. Note
that suchitems as doppler radar and tracking
computers often proved the weakest links.
A s lighter, more effective and rugged radars
and computers are developed, the concepts
of such systems as Raduster and Vigilante
may eventually be successfully applied.

1-3.3. 1 Late World War II and Post-War
Years33, 34

During World War 11, the increased ac-
tivity of enemy aircraft in ground support
and reconnaissance brought a demand for a
light forward-areaantiaircraftsystemto de-
fend Army Field Forces. Since40 mm can-
non were being produced in large numbers,
these were used as the basic weapon, andan
on-carriage target indicating system and
target designating system were developed.
About the end of the war, a self-propelled
twin 40 mm gun mount with a mechanical
computing sight was introduced for use in
forward areas.

Between 1947 and 1950, a program of
improving 40 mm AA fire control resulted
in Drive Controller T26, using a ball re-
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solver type of tracking head as the gunner's
control.

In the 1950's a number of different AA
fire control systems were developed for
weapons of various sizes. The most pro-
lifically produced systems were for rather
large AA weapons and were designed origi-
nally to be fully automatic. These were the
M33 and M38 (Skysweeper).

1-3.3.2 T33/M333°

The T33was developed in 1949 and 1950
as an electromechanical system designed to
detect any aircraft and compute the neces-
saryfiringdatato control 90 mm or 120 mm
guns. Itincluded two radars: a track radar
and an acquisition radar. The track radar
anditsassociated parts — tracking console,
tracking antenna, tactical console, computer,
data junction box, and early warning plotting
board — were installed on a trailer; the ac-
quisition radar, with antenna, antenna drive
unit, antenna RF unit, and modulator unit,
was setup separatelyfromthetracking radar
but controlled from it.

The acquisition radar operated on S-
band frequencies and was designed to detect
targets at a maximum range of 120, 000 yd.
The target tracking system was designed to
track the target at ranges up to 99, 000 yd;
the tracking radar furnished present target
informationtothe computer which thentrans-
mitted either predicted or present informa-
tion to the gun battery.

The M33 system, introduced in 1952,
was like the T33, except for an improved
acqusition antenna enclosed in a Fiberglas
dome, transported and emplaced from a flat
bed trailer.

The M33 SearchRadar was sensitive and
powerful compared with other systems; re-
turn was 10 or more db stronger than, for
example, the M38 and Porcupine. Detections
of 80% were achieved in tests at Aberdeen
Proving Ground and lock-ons of 72%, but lock-
onrequired the use of both radars and three
operators. Trackingoflow-altitude aircraft
was relatively poor but a capability for this
type of tracking was not a design objective.

1-3.3. 3 M38 (Skysweeper)36. 37

The AAFCSM38 Skysweeperwas specif-
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ically designed to provide fully automatic
fire control for a 75 mm AA gun against
low-flying, high-speed aircraft. This sys-
tem was produced, tested, and used over a
seven-year period from 1951to 1958. Asit
turned out, many deficiencies were dis-
covered and eliminated in the test program
andinthe field. and Aberdeen Proving Ground
recommended that in similar circumstances
inthe futureproductionbe severely curtailed
until the "bugs" are removed.

Skysweeper included a medium-range
75 mm cannon with carriage-mounted fire
control equipment, including electromechan-
ical computer, radar tracker, periscope,
power control, target selector, cable system,
and wiring set. The gunitself had automatic
loadingand ramming and recoil mechanism.
The whole thus formed a rapid-fire com-
pletely integrated AA weapon system.

The computer was mechanically con-
nected to the radar tracker and to the azi-
muth power controls via ground reference
shafting. The computer, of modular con-
struction, converted angular data from the
radar to rectangular (XYZ) coordinates in
twoconverters. A predictionunitinthe com-
puter — with constant-speedmotor, inverter,
and ballistic unit with cam — determined
target rate and multiplied it by time of pro-
jectile flight. Targetlead distanceandpres-
ent position were then added in each coor-
dinate and converted to future angular data.
A ballisticunit added elevation and corrected
time of flight.

The computer output was put in synchro
formfortransmissionto the power controls.
Data on wind, muzzle velocity, and air den-
sity could be inserted.

Skysweeper was effective against tar-
gets approachingor moving away at constant
moderate speeds and altitudes but its ef-
fectivenessdroppedrapidly at higher speeds
orchanges in speed and direction, and atlow
altitudes. For example, oneseriesof tests
produced 67% of hits (15 yd limit) with tar-
gets moving perpendicular to the line of site
at 540 knots. When the speed increased to
810 knots, accuracy dropped to 17%. It was
speculated that the trouble might lie in ex-
cessively low computer requirements.

At low altitudes, the lack of a doppler
element in the radar made detection diffi-
cult; no target signal return was detected

when ground-clutter signals exceeded target
signals in intensity. In a series of low-
altitude tests, detection of low targets was
intheorderof 50%. Lock-on alsoproved ex-
ceedingly difficult: 28% vs70% for the M33,
probably because the complex tasks of de-
tection and lock-on were performed by a
single operator. Oncelock-onwasachieved,
however, tracking was more satisfactory.

1-3.3.4 Porcupine X- 136, 38

The Porcupine X-1 Antiaircraft Fire
Control System was developed by Lincoln
Laboratory, Massachusetts Institute of
Technology, as a defense against high-
performance, low-flying aircraft. It was
primarily intended as a close-in defense
weapon for cities and other civil installa-
tions of a permanent nature. It was housed
in a large trailer, withaseparately mounted
optical sight (which could be stored in the
trailer in transit). It was intended that a
number of these systems, with associated
rocket launchers or guns (the Porcupine
could be adapted to various types of weap-
ons), would be emplaced on the periphery of
the area to be defended, with overlapping
sectors of destruction.

Indevelopinga simpler and more effec-
tive fire control system for low-flying tar-
gets, the Porcupine X-1designers profited
from the difficulties encountered with the
immediately preceding systems. The chief
means of achieving these goals were:

1. The use of a Doppler radar which
distinguished movingtargets from stationary
targets and was able to detect many targets
and track them in range when target-signal
energywaslower than ground-clutter-signal
energy.

2. Theuseof anoptical sightfor track-
ing in azimuth and elevation, and for pro-
vidingthe directional inputsto the computer.
The designers felt that optical tracking was
justified on the grounds that attacking low-
flyingaircraft could navigate effectively and
identify ground targets only when visibility
was reasonably good. At any rate, the sight
eliminated the difficulties encountered in
other systems in angular tracking by radar,
and it simplified operation and maintenance.

The system detected targets, measured
coordinates, and predicted future target po-
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sition coordinates as follows:

1. An automatic-detection Doppler
radar (whose antenna was mounted on the
trailer roof during emplacement) detected
and designated the approximate position of
an approaching target; the radar established
nine guard rings at radii of 3-1/2 to 6 miles
from the site and any target entering that
area tripped an alarm after the radar took
two successive looks at the target. The
optical sight operator, thus alerted and fed
the target azimuth by the radar, aligned his
sightwiththe target azimuth and moved it in
elevation until he located the target; then he
commenced tracking. Meanwhile, the Dop-
pler radar searched automatically through
a small range interval at 3 to 3-1/2 miles,
locked on the target, and tracked it auto-
matically in range unless the operator de-
sired to shift targets.

2.  An electromechanical analog com-
puterreceived inputs from the optical sight,
the Doppler radar, and a wind vane perched
on the trailer roof, and converted the data
to the correct azimuth lead angle and fire
elevation angle for the weapon.

The operation of the Porcupine X-1 is
shown in the block diagram of Fig. 1-60.

The system tracked low-flying targets
far better than the M33 and M38 systems,
and it could be operated efficiently by as few
as two men. Its designers believed that a
ring of such equipments could be necarly
100-percent effective against low-flying
targets. The Porcupine's fate was scaled,
however, when the concern of civil defense
shifted to missiles, and it never got be-
vond the prototype stage. Nevertheless, its
features are still of interest as a possible
basis for new forward-area AA fire control
designs.

1-3.3. 5 Stinger

The Stinger Antiaircraft Fire Control
System was a fully automatic system de-
signed to position four 60 caliber machine
guns in elevation and through 360° of azi-
muth. It was intended for low-flying high-
performance aircraft and, in spite of the
short range of the guns, the radar had a
detection range of 20,000 yd and tracking
capabilities of 16,000 to 150 yd. A gyro-
scopic computer automatically processed
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radar inputs and positioned the guns through
electrohydraulic controls. The entire sys-
tem was on-carriage.

Stinger was abandoned because of its
complexity and the resulting unreliability for
field use.

1-3.3.6 T50 Raduster39, 40

In the early 1950's, a fully automatic
off-carriage radar and computer antiair-
craft fire control system, the Rattrap, was
developed fortowed or self-propelled 40 mm
AA weapons, especiallythe twind0 mm self-
propelled M42 Duster. This system proved
to be too cumbersome and complex for use
in forward areas. A similar system, but
with relaxed requirements, the Mousetrap,
was abandoned after a design study, and ef-
forts were concentrated on the T50 AA Fire
Control System, called the T50 Raduster
(see Fig. 1-61).

The T50 Raduster was an on-carriage
system designed for optical tracking and
radar range input. It consisted basically
d’ arange radar, computing sight, and range
radar, computing sight, and range servo.
The system depended on visual detection,
acqusition, and directional tracking of a
target: estimated range could also be intro-
duced manually if the radar was not func-
tioning properly. The computer generated
angularleadson the basis of inputs from the
optical equipment and radar., andthe weapon
was pointed to the target future position while
the antenna and sight were pointed to present
position.

The system was operated by a two-man
crew —a tracker, who operated the optical
sight, and a radar monitor.

The radar control unit was located in
anarmored turret. Theradar antenna mount
consisted of a cantilever and yoke assembly
bolted to a mounting frame which, in turn,
was welded to the gunner's shield. Thus the
antennaandits associated R Funit moved with
the turret and at the same time could move
in respect to it in azimuth and elevation, to
correspond with elevationand azimuth angles
of the gunsight.

A mechanically interconnected drive
controller and computer, and a sight me-
chanically connected to the controller also
moved with the turret; the sight also could
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be moved in respect to the turret in azimuth
and elevation to track the target.

The sight actually consisted of three
optical units: a primary sight for accurate
trackinginazimuth and elevation; a polaroid
sight, mechanically linked to the primary
sight, for quick target acquisition (the pri-
mary sight had too narrow a field of vision
forthis purpose); and a check sight for bore-
sighting and training.

The primary sight tracked the target in
elevation with a prism that could be rotated
through 90°; the linkage used to rotate the
prism was alsogeared to the computer con-
troller and served to supply elevation in-
formation to the computer. The sight, as a
whole, was similarly geared to the con-
troller to supply azimuth information.

The drive controller computer, which
included the range servomechanism, was
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coordinated with the range radar, sight, and
guns so as to solve fire control problems in
a single mechanical operation. The con-
troller provided controls for acquisition and
tracking, suppliedangle and angular rate in-
formation to the gun power control system
to keep the guns positioned, generated
smoothed angular rate information in azi-
muth and elevation for computation of kine-
matic lead data by the computer, supplied
sight-position information fo the radar an-
tenna servo to permit radar tracking, and
provided a stable platform.

Innormal operation —surface-to-air —a
joystick type of control permitted rapidly
slewing the guns onto fast targets as viewed
through the acquisition sight. Then the tar-
get was tracked through the primary sight
with aball-type resolver designed for thumb
operation. Insurface-to-surface operation,
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the joystick wasinoperative and the ball con-
trol wasused fortracking slow or stationary
targets. Inboth the acquisition and tracking
modes of surface-to-air operation, aided
tracking was used; i.e,, the guns moved at
a rate thatwas proportional to the displace-
ment of the joystick or the ball control.

The computer was primarily composed
of mechanisms designed to accept target PO-
sition, target rate, ballistic, and meteoro-
logical data and generate solutions for em-
pirically developed equations representing
solutions to fire control problems.

Meteorological data, ballistic data, and
gun cant were handset with knobs. To com-
pensate for tilt, bubbles were centered in an
out-of-level indicator; this action entered a
correction to position the guns in respect to
a level coordinate system instead of the gun
mount.

The range servomechanism consisted of
(1)a range servoamplifier which received a
scaled d-c voltage fromthe range radar and
put out an a-c error voltagetodrive a range
motor and rate generator; and (2) a com-
puting mechanism which generated range and
range rate for the computer.

The range radar was a pulse type that
searchedand tracked in range only. Itsout-
put was a voltage proportional to range,
transmitted to the range servo amplifier.
The radar, as noted above, was slavedto the
optical sight so that the tracker on the crew
keptitontarget by moving the sight. Norm-
ally, the radar locked on the first target
encountered and tracked it in range. The
monitor could also set a range gate marker
so that the radar would automatically start
tracking a distant target when it came within
maximum range of 15,000 yd. The radar
could also be used for manual tracking dur-
ing periods of jamming or clutter. Range
was presented on an "A" scope.

The Raduster presented anunusual chal-
lenge: developing a rugged, reliable fire
control system'that would be compatible with
the carriage of an existing weapon. Com-
ponents had to be developed both on an indi-
vidualand system basis such thatthe overall
performance of the fire control system,
power control, gun system, and ammunition
would permit maximum effectiveness against
tactical aircraft. The mathematics were
especially difficult and time consuming since

it was desired to use a simple, small-sized,
rugged computer; this restriction made it
necessary to use exact prediction formulae
based onlinear,unaccelerated target motion.
New techniques were required that involved
mathematical analysis together with critical
design computations. An explicit analytical
expression was required for relating com-
puter input to output; mathematicians used 57
target flight paths and approximately 2000 po-
sitions. Equationsrelating input and output
variables in terms of arbitrary functions
were set up using least-square methods of
statisticalanalysis fromthe target flight path
data.

Developing the optimum range finder
radar was also a challenge; it involved se-
lectingthe most effective systems by "bread-
boarding" and empirical analysis.

Because of the foregoing difficulties,
there were delays in the Raduster program
and, since the M42 was only considered an
interim weapon, the program was phased out
at about the pilot model stage. Nevertheless,
the Raduster holds more than usual interest
to this day because of the several radically
new approaches required and the lessons
learned in trying to develop an effective and
simple systemby carefulanalysis and appli-
cation of statistics.

Reference33is acomplete report on the
Raduster development program. Reference
40 is a report on radar test results.

1-3.3. 7 Vigilante?}

The Vigilante, developed in the years
1959through 1962, was the final effort in the
seriesthat began with the use of mechanical
computingsights for twin 40 mm AA guns at
the end of World War 11. Experience in the
intervening years had shown that, in the ex-
isting state of the various arts involved:

1. Doppler radar was far superior to
pulse radar in discriminating moving tar-
gets — low-flying aircraft = in ground clutter.

2. The optimum system for detecting
and tracking high-performance tactical air-
craft should use radar detection, range-
only radar tracking, and optical position
tracking.

The Vigilante was developed as an on-
carriage system with a multibarrel Gatling
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gul.  Two systems were developed: the
towed and the self-propelled. The problem
of producing enough power for both self pro-
pulsion and turret operation, however, was
never entirely overcome. Only one of each
was actually produced, and the system was
phased out infavorof the Mauler and Redeye.

The Vigilante was designed as a forward
area system. Itwaslocatedinaturret which
couldbe mounted either onthe self-propelled
or the towed carriage. Theturretwascapa-
ble of 360° rotation. It contained the opera-
tor's compartmenttogether with the controls
and indicator, radar, computer, periscope,
hydraulic power servos, and the main slip-
ring assembly. Theturretalsocontainedthe
cannon and the ammunition feed assembly.

From the seat in the operator's com-
partment, all controls essential to the op-
eration of the radar, computer, sight, and
gun were accessible. A single eyepiece
presented visual information from the radar
and the periscope. Provisionwasalso made
for acquiring "targets of opportunity" by
means of an open sight.

The radar was a pulse-Doppler system
that detected only moving targets. Theradar
provided a search and range-tracking capa-
bility for the operator. A track-while-scan
feature allowed automatic azimuth-tracking
of a target while the antenna was scanning
through 360°.

Thefire-control computer and sightpro-
vided the required automatic range and ang-
ular tracking capability. The azimuth hy-
draulic power servodrove the turret and gun
to the predicted azimuth of the moving tar-
get. The elevation power servo positioned
the gun to the predicted target elevation.
The computer provided primary and second-
aryballistic inputs for positioning the power-
control servos to the predicted target posi-
tion.

Operation. The searchmode of the Vigi-
lante system wasprimarily a radar mode of
operation. The operator viewed the radar
indicator for moving targets.

The operator could be alerted to a de-
tected target by three means: an indication
on theradar indicator, anexternally mounted
horn, and the Doppler tone in his headset.
Upon sightingthe target, the operator rotated
the turret to the target azimuth and pro-
ceeded to the acquisition mode.
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During the acquisition mode, the turret
automatically tracked the target in azimuth
while the antenna wa's scanning through 360°
for other targets. The operator visually
located the target in elevation by means of
the periscope and proceeded to the track
mode by depressing a foot switch; the radar
range gate then slewed and locked on the
target range. Both the computer range rate
and range settled to the radar range infor-
mation. Simultaneously, the computer gene-
rated information to aid the operator in
tracking the target and to generate the proper
fire-control solution.

An operation spotting sight was included
to aid the operatorinrapidly acquiring close
targetsor "targetsof opportunity”. To track
these targets, the operator switched directly
to the track mode instead ofutilizing the
acquisition mode.

Controls. The system controlswere de-
signed for ease of operation and fora se-
quence of operation from left to right. The
operator hand-control motions were designed
tomake targettracking aninstinctive process
utilizing the operator's previous training.

Field tests demonstrated that the con-
trols of both Vigilante systems were easyto
operate. It wasdemonstrated that, withrela-
tivelylittle practice, aninexperienced opera-
torwas abletotrack amoving target with ac-
ceptable accuracy. Each of five operators
who operated the system during the firing
tests was able to hit a drone target at least
once.

Regenerative tracking. Early system
studies revealed that gunsmoke and gunflash,
together with possible transmission of gun
shocktothe operator's hand controls, would
resultinexcessive trackingerrors during the
firing period. Tominimizetheseerrors, the
computer was mechanized to provide regene-
rative tracking during the firing interval,
eliminating the need for the operator to
supply tracking inputs during this interval.

Regenerative tracking is defined as the
capability of the computer, after settling, to
continuously provide the changing inputs,
normally provided by the operator, to main-
tainthe sight ona nonrnaneuvering, constant-
velocity target. Although manual effort was
required to settle the sight initially on the
target, the operator then returned his hand
controls to zero asthe computer supplied the
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tracking inputs from the regenerative cir-
cuitry. Small hand-control motions were
required because of target maneuvering and
because of imperfect computer regenerative
solutions.

The computerwas essentially composed
of a hand control unit, a periscope optical
system, six instrument servos, a gyro-
scopically controlled platform, and a dial-
panel ballistics unit.

The hand control unit provided initial
error-excitationtothe platform, the angular-
rate instrument servos, and the periscope
optics. The operator kept the periscope
optics on the target with the hand controls.

The two-degree-of-freedom gyro within
the platform forcedthe platform to follow the
gyro line, and the platform forced the peri-
scope optics to follow the platform line. Thus,
the sightline, the gyro line, and the platform
line pointed to the target after the computer
was settled. The platform iine became the
present-position computing line upon which
wasbuiltthe fire-control prediction solution
for the positioning of the gun. The gyro pro-
vided angular stability of the platform, inde-
pendent of mount motion, and provided part
ofthe required integration for the regenera-
tive tracking solution.

As the platform line settled to the pres-
ent-position target line, the range and range-
rate instrument servos settled to the radar
functions, and the twoangular-rate instrument
servos settled concurrently with the platform
angular rates. These fourservosserved the
dual purpose of producing the regencrative
tracking functionsand of providingthe neces-
sary present-position parameters for the
prediction solution. The time of flight and
quadrant elevation servos generated the
future-position parameters for the remain-
ingpart of the prediction solution. Ballistic
corrections to the prediction solution were
manually made on the dial-panel ballistics
unit.

Formore information on Vigilante, see
par 4-6, Chapter 4.

1-3.4 ARTILLERY FIRE CONTROL SYS-
TEMS

Sincethe days when artillery fire began
to exceed the range of the gunner's eye, a
more positive means of delivering an effec-

tive "firstround" hasbeenthe artilleryman's
greatest desire. Infulfillingthisdesire, the
followingfive major elements have emerged
as the basic requirements for accurately
predicted fire:

1. Battery location

2. Target location

3. Meteorological data

4. Muzzle-velocity data

5. Computation of projectile flight
incorporating nonstandard conditions.

The first four of these elements have
been reduced to a fairly fine degree. How-
ever, because they are either relatively
static or true static conditionsand the tech-
niques necessary to deal with them are used
in many other applications, these elements
have had the benefit of much thought and ef-
fort. Battery andtargetlocations represent
true static conditions at the time of firing.
Meteorological data, though not static, has
a sufficiently slow rate of change that modern
analysis methods reduce such changesto a
relatively static condition. Changesinmuz-
zle velocity occur slowly enough tobe consid-
ered anearly static condition. 'Theremaining
element, the computationof projectile flight,
involves elements such as muzzle velocity,
propellant temperature, projectile weight,
ballistic coefficient, drift, and rotation of the
earth.

A modern digital computer, when ap-
propriately programmed, canprovide the in-
formationnecessaryto give an accurate pre-
diction of projectile flight in a matter of
seconds. In the past, a computer with this
capability required highly skilled operators
and the equipment was not suited to the de-
mands of the military environment.

The computer require; tc meet the de-
mands of the military must incorporate the
following features:

1. Reliability
Simplicity of operaticn
Portability
Rugged construction

5. Ease of maintenance

Since all these features are not to be
found in readily available digital machines
employed bybusiness and industry, the United
States Army initiated an intensified research
and development program to produce a digi-
tal computer compatible with these require-
ments. This program ultimately produced

B
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the M18 Gun Direction Computer, commonly
referredtoasFADAC (FieldArtillery Digital
Automatic Computer). FADAC, along with
ancillary equipment which greatly expandsits
capabilities, has been thoroughly tested and
type classified standard A. A summary of
FADAC'sbackground andits capabilities fol-
lows.

Computers were used by Artillery to
advantage during World War 11. However,
only restricted calculations could be com-
pleted by such typesbecause the program had
tobe manufactured into the analog computer
and, consequently, did not have the versatility
of the later digital type.

The desire for computer-generated firing
dataincreased substantially whenthe earliest
practicable digital computer came into being.
Initially, digital computers were large, bulky,
delicate in many respects, and difficult to
maintain. The development of the transistor
made a smaller and more-rugged computer
possible, with capabilities increased beyond
the earlier vacuum-tube types.

Whatthe U. S. Army desired was a com-
puter that could withstand the rigors of field
use and readily accept a wide range of data
for all types of commands; yet be small,
light, and, above all, simple to operate. In
successfully combining all of these attributes
into FADAC, the Army has produced a com-
puter which has far wider applications than
was even remotely anticipated.

FADAC is a portable all-transistorized
general-purpose computer specifically de-
signedto withstand the rigors of rough trans-
portation and varying climatic conditions.
The efficiency of the computer and ancillary
equipment remains unimpaired when opera-
ted in severe rain, salt-laden air or dust
storms. FADAC is of modular construction.

FADAC presents the ultimate in simpli-
city of computer operation. Switches, con-
trols, keyboards, and all displays are
directly infront of the operator, thereby re-
quiringaminimum of movement on his part.
The basic functions, which represent the
lowest level of artillery fire control auto-
mation, are to perform computations that
had formerly beendone manually and to store
other information formerly in manual form.
Inputs to FADAC are received by manual
methods, voice, or written rnessage and are
entered into the computer by the operator.
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Much of the effectiveness of cannon ar-
tilleryfire is negated by the fact that adjust-
ment of fire or registration to obtain pre-
dicted fire data normally precedes fire for
effect. This, of course, informs the enemy
astothe targetarea and permits him to pre-
pare countermeasures. Given the proper
information, FADAC firestheoretical regis-
trationrounds within itself until the target is
"hit", at which time it will display the re-
quiredinformation sothatthe real round will
obtain first-round hits on the target, pro-
viding target location is known. This proc-
ess requires only a few seconds and is ex-
tremely accurate. Itisreadilyapparent that
two things are achieved: (1) registration
firing is unnecessary, savingthe costof am-
munition; and (2) fire for effect is initiated
with the first round fired, thereby denying
the enemy the time and opportunity for
countermeasures.

FADAC has many uses beyond its ar-
tillery-firing computational ability. Some
of those outlined below have been tested and
found highly satisfactory. Others that are
suggested represent areas that should not
present any particular difficulty of utiliza-
tion in that many digital-computer applica-
tions have been made with units closely
approximating the capability of FADAC.

In the military area, some possibilities
are:

1. WeaponEffects Analysis. Thispro-
gram can compute the effects of different
projectile-fuze combinations from the same
weapon. Or it can be used to compare the
effects of two different calibers when fired
on the same target. Or it can analyze and
determine the best combination of weapons
or the best combinations of ammunition to
neutralize a target.

2. Counter Battery Computation. With
appropriate input, FADAC candetermine the
location of hostile artillery units.

3. Sound and Flash Ranging. Plotting
hostile battery positions from sound or flash
canbe donemore rapidly and more accurately
by FADAC than by manual methods. The
application of computer meteorological data
plus rapid calculating ability make FADAC a
most worthwhile tool for this purpose.

4.  Mapping: Long-Range Survey. By
integrating FADAC with radio-frequency de-
vices, accurate surveys can be made in
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ranges far beyond visual capabilities.

5. Mapping: Analytical Triangulation
in Photogrammetry. The exacting require-
ments of determiningreal positions or aerial
photographs can be rapidly determined by
FADAC when properly programmed.

6. Meteorological Data Reduction.
The integration of FADAC with weather
sounding devices, suchasthe Meteorological
Data Sounding System, can produce signifi-
cant weather data almost as fast as it is re-
ceived.

7. Satellite Tracking. The integration
of FADAC with satellite tracking devices can
produce position, speed, and path data and
can convert messages to or from satellites
into proper codes.

8. Field Automatic Checkout Systems.
The Multipurpose Automatic Inspection and
Diagnostic System (MAIDS) is an integrated
concept for a family of automatic diagnostic
equipments to be used for malfunction iso-
lation in various types of Army materiel.
The concept is based upon the utilization of
a standard militarized digital computer
(FADAC) as the central control element of
the various subsets of the MAIDS. The
computer-controller will be programrned to
locate and diagnose faults down to the re-
placeable module or component.

Other potential military uses could be:

(a) Processing target imagery

(b) Tactical data systems

(c) Inventory control

(d) Surveillance and reconnaissance

(e) Monitoring operations.

Forinformation onthe design principles
of FADAC, see Chapter 13 in Section 3 of
the Fire Control Series (Fire Control Com-
puting Systems).

1-3.5 ENVIRONMENTAL

TION14, 15

PROTEC-

1-3.5. 1 Antiglare Filters and Protective
Lens Coatings

Considerablefire-control research was
conducted in antiglare filters and protected-
lens coatings during World War 11. Tests
made by the Desert Warfare Board in 1942
indicated some advantages to the use of red,
amber, andneutral filters for sighting equip-
ment, but reported that none justified adop-

tion. Better results were obtained with a
nonreflecting coating on glass surfaces and
by the substitution of solid-giass prisms in
telescopes for mirrors. Further work ex-
panded into the development of antirain and
antifog coatings, hoods for protection against
sun and rain, as well as mechanical modi-
fications to sighting equipments in order to
stwplify and faciiitate operation.

1-3.5.2 Unusual Environments

The effects of extreme cold on the per-
formance of all types of fire control equip-
ment was investigated by the Army at Fort
Churchill in Canada during the winter of
1943-44 and vyielded valuable design and
maintenance-engineering information. The
use of fire control instruments intropical
theatres of warfare, on the other hand, soon
revealed the ravaging effects of fungus growth
and othertypes of destructible deterioration.
In June 1944, a commiitee was formed at
Frankford Arsenal to study the protection
of fire control instruments with its efforts
directed toward the use of protective coat-
ings, the development of moisture-proof
sealing, the incorporation of silica-gel
desiccants, andthe employment of a volatile
fungicide with the instruments.

The new environmental problem for fire
control equipment is the survival of opera-
tional capability inthe vicinity of a low-yield
nuclear blast. Part of the solution to this
problem maybe accomplished by (1)viewing
targets through unusually thick turret walls
inordertoprotect the operators and most of
the fire control system components and (2)
minimizing the effects of radiation on those
elementsof the viewing system that must be
exposed. Sighting devices based on the use
of fiber optics may be applicable here. The
advantageof fiber optics over the usual type
ofoptical system is their relative simplicity,
Figure 1-62 indicates the simplicity of a
telescopic system based on fiber optics as
compared with some of the more conven-
tional telescopes that have been designed in
the United States. Further information on
optical systems of this type will be given in
Section 2 of the Fire Control Series (Ac-
quisition and Tracking Systems).

Apart fromthe comparativelylong-range
problem of radiation, there isthe almost in-
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Figure 1-62.
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stantaneous problem of affording flash pro-
tectionagainst atomic blasts to operators of
sighting devices. As indicated in Example
1-1 in par 1-3.2, in connection with fire
control equipment for armored vehicles, a
variety of quick-acting shutters are under
development that would be activated by the
flash of an atomic blast. The object is to
obtain such a rapid reaction that the shutter
willbe closedbefore the operator's eyes are
burned.
1-3. 6 CONCLUSIONS

The following conclusions can be drawn
fromthe history of fire control development,
particularly from the crash program of
World War II and the sustained program of
the following years:

1. Firecontroldevelopment, like most
technical development for weapons pro-
grams, occurs most rapidly during times of
greatest need. Even so, it is important to
note that the impact of a research program
upon societyis always delayed. One author-
ity (Fryof OSRD; see p. 81 of Reference 25)
estimated in 1942 that in normal peacetime
thisdelayis''pretty long, not often less than
five years and sometimes, as in the case of
the automobile, a good quarter of a century.
In war the process is speeded up, but cer-
tainly cannotaverage muchunder twoyears. '
Much of the research undertaken during

World War Il did not actually see application
until long after the war was over. (Thiswas
particularly true of tank fire control sys-
tems.) The average lead time required for
the Army to develop new weapon systems
andbringthemto operational status has been
placed at about ten years, though it is hoped
thatthe recent reorganizations will result in
a significant reduction in this lead time.

2. Research and development during
the stress of wartime must be done under
the principle of getting something workable
within the time available. Getting the best
result is usually impracticable. Normal
development and test procedures often have
to be dispensed with. Suchprocedures were
sometimes very effective, asinthe develop-
ment of the proximity fuze, but this prag-
matic approach obviously represents a
gamble; not all developments can be expected
to turn out as fortunately as the proximity
fuze did. With the type of weapon threat
present in the world today, itis doubtful that
even the limited time that was available for
research and development during World War
II will be available during any future con-
flict. Hence, itbecomesimperative to make
the most of the time and funds (however,
limited) that are available during times of
peace or cold war.

3. Fire control analysis, to be effec-
tive, must extend beyond the design of weap-
ons to include studies of their optimum use.
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CHAPTER 2

THEORETICAL ASPECTS OF THE FIRE CONTROL PROBLEM
AND ITS SOLUTION

2-1 INTRODUCTION

The problem of control overweaponfire
andits solutionas discussed in the Fire Con-
trol Series does not apply to those projec-
tiles known as "guided missiles". Instead,
the term projectile is used here in a more
limited sense, which includes bullets, shells,
and rockets. For information onfire control
asit appliesto guided missiles, the readeris
referred to the Ballistic Missile Series of the
Engineering Design Handbooks, AMCP 706-
281, -282, -283, -284(C) and - 286.

The present chapter comprisestwo main
parts. The firstpart, pars 2-2 through 2-2.7,
isconcerned withthefire controlproblem. It
statesthe problem and thenfollows this state-
ment witha summaryof generalized fire con-
trol theory.

The secondpart, pars 2-3through 2-3.4,
discusses the solution of the fire control
problem in general terms in a manner that
parallels the treatment given inthe first sec-
tion. The solutionof the fire control problem
is broken down into three distinct phases and
cach phase isthen treated separatelyin turn.

It should be noted that abroad discussion
of the functional elements employed in the
solution of the fire control problem and ex-
amples of how such elements are utilized in
actual systems is reversed for Chapter 3.
Detailed discussions of the functional ele-
ments employedinthe solutionofthe fire con-
trol problem are reserved for subsequent
sections of the Fire Control Series as fol-
lows:

(a) Section 2 — Acquisition and Track-

ing Systems

(b) Section 3 — Fire Control Computing

Systems

(c) Section 4 = Weapon-Pointing Sys-

tems

2-2 THE FIRE CONTROL PROBLEM

2-2.1 STATEMENTOFTHE FIRECONTROL
PROBLEM

The generalfire controlproblem may be
stated as follows: ''How cana projectile be
fired from a weapon (that may be in motion)
ata target (thatmay also be in motion)in such
a way as to score a hit on the target?" Im-
plicit in this problem statement is the fact
that the effects of certain phenomena, unless
they are compensated, will produce errors
in weapon fire. These phenomena, which are
common to all types of weapon fire, are re-
ducibleto correctiveterms when defined by a
suitable analytical or geometrical approach.

It is obvious that the path of the projec-
tile must be made to intersect the path of the
target so that ahit is obtained. (If the target
is stationary, the target path reduces to a
point, of course, and the fire control prob-
lem is considerably simplified.) Inasmuch
asthere isusually afinite period of time dur-
ing which the required intersection of paths
can be obtained, there is no single solution,
but rather a different solution for each mo-
ment in real time. Thus, an implicit part of
many fire control problems is the deter-
mination of when fire canprofitably be opened
and when it should be stopped, and how to
make the most of the opportunity for fire.

2-2.2 GENERALIZED FIRE CONTROL THE-
2-2.2.1 Basic Concepts

Analysis of theover-all problem of con-
trolled weapon-fire brings out an important

concept: Thereis basically only onefire con-
trol problem. All fire control. problems re-

2-1
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solve into variations of a single fundamental
situation — the launching of a projectile from
a weapon at a target in such a4 manner as to
score a hit on the target.

In order to solve the fire control prob-
lem, the element of probability must be taken
into account. For example, based upon ob-
servations of present target motion, the fu-
ture target position at the time of hit must
be predicted if the effects associated with the
phenomenon of relative target motion are to
be adequately compensated. In addition, the
concept of prediction is associated with the
in-flight characteristics of a projectile dur-
ing its time of flight. During the projectile
time of flight, the projectile is entirely under
the influence of natural phenomena - e.g.,
gravity drop, drift, and precession — that lie
beyond the control of operating personnel;
from thetime the projectile is fired, its tra-
jectory is irrevocably dependent on gravity,
wind and the ballistics'!' of the projectile.
Thus, because the exact nature of these quan-
tities and their interplay can not be exactly
predicted, the element of probability must be
taken into account in this connection also,

In order to compensate forthe effects of
the various phenomenathat enter intothefire
controlproblem, theuse of certaincorrective
measures is necessary. The determination
of the required corrective measures by fire
control equipment is made possible by the
application of suitable analytical approaches.
These approaches. which areprimarily alge-
braic in nature, may be expressed in terms
of various typesof models andare dealtwith
in Chapter 4 (Design Philosophy).

2-2.2.2 The Geometrical Approach

Forunderstanding the truenature of the
fire control problem, however, it has been
found more effectiveto treat generalized fire
control theory in geometrical terms rather
than in algebraicterms. This is because the
basic fire controlproblem is a kinematic and
dynamic problem, i.e., one involvingthe rela-
tive motion between points in space (weapon,
projectile, and target) and the forces acting

on the projectile. It, therefore, lends itself
to expressionin terms of the pertinent kine-
matics (velocities) and dynamics (forces),
rather thanto a purelynumerical treatment.
The algebraic approach must come into ap-
plication, of course, in the actual solution of
any particular fire control problem.

The geometry involved in the geometri-
calapproachis not a matter of triangulation,
but rather one of vectors that are related by
the laws of physics. Vector diagrams and
vector operations may be used extensively,
therefore, to relate the physical parameters
of the fire control problem. For a complete
unified treatment of the basic physics and
geometry applicableto any fire controlprob-
lem, see Reference 1.

2-2.2.3 Common Geometrical Factors

Three quantitiesthat remain constantre-
gardless of the reference coordinate framef
selected for expression of the fire control
problem are the following (see Fig. 2-1):

1. Theline of site which is the straight
line between the weapon and the target. It
should be noted that the line of site does not
necessarily represent aline of visibility be-
tween weapon and target. When such visi-
bility ispresent, direct fire control applies;
otherwise, a requirement for indirect fire
controlexists (seepars 1-1.3.1and 1-1.3.2).

2. Theweaponlinewhichis the prolong-
ationof the weapon axis. It is a straight line
along the direction in which the projectile
should be fired in order to score hits on the
target.

3. The prediction angle which is the
totaloffset anglebetween the line of site and
the weaponline. As used in the Fire Control
Series,the term "prediction angle'' is a gen-
eraldesignation that for movingtargets cor-
responds to "leadangle' plus any supplemen-
tary corrections for gravity drop, drift and
the like. Asmechanized inthe solution of the
fire control problem, the prediction angle is
equal to the combination of the angle of ele-
vationand the angle of deflection (seepar 1-1
of Chapter 1). For stationarytargets, where

x
Ballistics is the science that is concernedwith the motion of projectiles. That part of ballistic theory that is concernedwith the motion
of the projectile after it leaves the muzzle of the gun is termed exterior ballistics. That part concerned with the motion of the pro-
jectilewhile it is still in the bore of the gun is called interior ballistics. The theory of fire control is primarily concerned with ex-

terior ballistics.

T— For a discussion of reference coordinate frames, their applications, and significance, see par 2-2. 6.

2-2
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WEAPON
STATION

Figure 2-1.

no lead angleis involved and where reference !
is usually to geographicalcoordinates rather
than the line of site, the prediction angle is
mechanized by the combination of the angle of
elevation and the angle of azimuth.

It should be noted that the terminology
used for these and other aspects of fire con-
troldiffers in the various branches of Army
fire control and in the various publications
onfire control. For example, the lineof site
is sometimes referred to as a "line of posi-
tion"in coast artillery literature. In the Air
Force and Navy, onthe otherhand, thelineof
site is referred to as the "line of sight".

2-2.3 FACTORSAFFECTING THE PROJEC-
TILE PATH

A weapon-launched projectile cannot be
fired directly along a line of site to score a
hit on a fixed target because of certain phe-
nomena that are applicable to all problems
of fire control. These phenomena consist of
(I)the curvature of trajectory of the projec-
tile, (2) the effects of jump, and (3)variations
from standard conditions. The influence of
these factors on the projectile would cause it

:=—~§f74/f(

" TARGET

" FUTURE
TARGET

POSITION

The fundamental geometry of a typical fire control problem.

to miss the target if it were fired along the
line of site from theweapon to the fixed tar-
get. It is,therefore, necessary to apply cor-
rective measures (to compensate for these
factors) to obtain the direction along which
the weapon should be fired, i.e., the correct
orientation of the weapon line. Accordingly,
except forcertain smallarms fire for which
the effective ranges are so shortthat the phe-
nomenanoted areof no consequence, the line
of site and the weapon line do not coincide at
the time of firing. Ideally, the application
of dimensional corrections will result in a
weapon-lineorientation that compensates for
the factorsthat affect the projectile path and
the projectile will strike the target.

Figure 2-2 shows the projectile trajec-
tories that are required for various typical
weapon-fire situations in order for the pro-
jectiles concernedtohit theirrespective tar-
gets. In cach case, the trajectory is deter-
mined by (1)xhe positionof the origin of fire,
i.e., the location of the weapon, (2) the con-
ditions under which the projectile is projec-
ted from the weapon, i.e.,the quadrant angle
of elevation 8o and the muzzle velocity, (3)
the ballistic characteristics of the airthrough

2-3
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'TRAJECTORY

(A) Trajectory associated with a direct-fire

field-artillery situation
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antiaircraft fire

= ORIGIN OF TRAJECTORY

2 = POINT OF IMPACT, (R POINT
OF BURST IN ANTIAIRCRAFT FIRE

§ = SUMMIT OF TRAJECTORY

0S8 = ASCENDING BRANCH OF TRA-
JECTORY

582 = DESCENDING BRANCH OF TRA-
JECTORY

6, = QUADRANT ANGLE OF DEPARTURE

o

TRAJECTORY

y AXIS

(B) Trajectory associated with an indirect-fire
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(D) Tralectory associated with
air-to-groun'd weapon fire by
bombs or rockets
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Figure 2-2.

which the projectile must pass in order to
reach the target.

Figure 2-2(A) illustrates the trajectory
of a projectile fired from a field-artillery
weapon having a high initial velocity and a
small quadrant angle of departure. Figure
2-2(B),on theotherhand, represents thetra-
jectory of a projectile firedfrom a field-ar-
tillery weapon having a much lower initial
velocityand a large quadrant angle of de-

2-4

Typical trajectories projected onto the plane of departure.

parture. Thesectwo examples, of course, rep-
resent direct-fire and indirect-fire situa-
tions, respectively.

Figure 2-2(C) shows the type of trajec-
tory associated with antiaircraft fire. In an-
tiaircraft fire, the whole trajectory is gen-
erally considered to comprise the ascending
branch, inasmuch as the descending branch
has no significance. This is incontrastto the
trajectories associated with bombs and rock-
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ets released in air-to-ground weapon fire,
which trajectories are represented by Fig.
2-2(D). For suchtrajectories, only the de-
scendingbranch isused; i.e., there isno as-
cending branch,

All fourrepresentative trajectories are
shown projectedon the plane of departure of
the trajectories. This plane isthex, y-plane
of the coordinate system customarily used
in the computation of trajectories. In this
system, the x-axis is horizontal, and the y-
axisisvertical. Thez-axisliesina horizon-
talplancand is perpendicular to the plane of
departure. Forming a part of Fig. 2-21is a
setof definitions (seeFig. 2-2(E)) that applies
to the various situations depicted.

Inasmuch as the usual trajectory is
three-dimensional in nature, it does not lie
entirely in the x, y-plane butalso has a pro-
jection onto the x,z-plane. This projection
isrepresented inFig. 2-3; it should benoted,
however, that the projectile deflection shown
in the x,z-plane is exaggerated for the pur-
pose of illustration. As indicated, the z co-
ordinate of the point of impact or burst is
designated by the symbol 2, and is calledthe
deflection. The component of deflection that
is not due to the effect of wind onthe trajec-
tory is called drift.

The paragraphs below treat, in turn, the
influence of trajectory curvature, jump ef-
fects, and variations from standard condi-
tions ontheoveralltrajectoryof aprojectile.

2-2.3.1 Curvature of the Trajectory

The curvature of the trajectoryof apro-
jectile in motion is caused by many forces
that act on the projectile during its time of
flight. Theprincipal effects thatinfluence the
shape of the trajectory are the gravitational
field of the earth and the characteristics of
the air through which the projectile passes

o

(seepars 2-2.3.1.1 and 2-2,3.2.2). Other ef-
fects contributing to the form of the projec-
tile path include drift, wind, and meteorologi-
cal conditions. These effects will be consid-
ered in connection with paragraph 2-2.3.3,
Variations from Standard Conditions.

The force of gravity and air resistance
are both generally considered in respect to
an air structure referred to a.s the standard
atmosphere. This standard structure pro-
vides a mathematical point of departure from
which essentialballistic data can be obtained
by applying correctionsto such variations as
may existin the actualair structure ata par-
ticular time.

2-2.3.1.1 Gravity

Gravity is a primary factor that influ-
ences the path of a projectile in motion. If
aprojectilewere firedin a vacuum and inthe
absence of a gravity field, it would maintain
a constant direction and continue to rise in-
definitely at a constant vertical velocity de-
pendent only on the muzzle velocity and the
angle of departure from the weapon (see Fig.
2-4). The kinetic energy imparting this mo-
tion would produce both vertical and hori-
zontal components of velocity, the combined
effect of which would form a resultant velocity
alongthe straight-line path of projectile mo-
tion.

With gravity effects only considered, the
flight path changes asfollows (see Fig. 2-5).
Because no air resistance would be encoun-
tered inthe vacuum, the horizontal component
of velocity would remain constant. On the
other hand, because the projectile would be
acted upon by the force of gravity duringthe
time of flight, the vertical ~omponent of ve-
locity would diminish at the rate of about 32
feet per second each second, This compo-
nent, then, would first reduce to zero, at which

z AXIS
\7/

b

€

R RN SRP SEN e

THE x,z-PLANE

Figure 2-3.

The horizontal projection of a typical trajectory.
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PROJECTILE TRAJECTORY IN THE ABSENCE
OF BOTH AIR RESISTANCE AND A GRAVITY

FIELD

y AXIS

MUZZLE VELOCITY

v

QUADRANT ANGLE
OF DEPARTURE

el

x AXIS

THE EQUATIONS OF MOTION FOR A PROJECTILE AS IT MOVES ALONG ITS
STRAIGHT-LINE TRAJECTORY ARE AS FOLLOWS:

X = (vo cos 90) t

WHERE

y :(vosin et

x = HORIZONTAL DISTANCE FROM THE ORIGIN
y =VERTICAL DISTANCE FROM THE ORIGIN
t = TIME FROM THE INSTANT THE PROJECTILE LEAVES THE GUN MUZZLE

v~ MUZZLE VELOCITY

6, QUADRANT ANGLE OF DEPARTURE

Figure 2-4.

The trajectory of a projectile fired in a vacuum and in the

absence of a gravity field.

timethe projectile could no longer rise with
respect to the earth's surface; thereafter,
gravitywould further cause the projectile to
fall back toward the earth':'. The form of the
path generated by the projectile under such
theoreticalconditions would be a perfect pa-
rabolawith the angle of fall equalto the angle
of elevation and withthe summit midway be-
tween the origin andterminalpoints. Figure
2-5 summarizes the pertinent characteris-
tics and mathematical relationships thatper-
tain to a parabolic trajectory.

2-2.3.1.2 Air Resistance

The standard trajectory described by a
projectile under atmospheric conditions as-
sumed to be standard becomes a more com-

plex curve than it would be in a vacuum. The
air resistance acting along the axis of the
projectile produces a downward component
that adds to the effect of gravity on the ver-
ticalcomponent of projectile velocity during
the ascending portion of the trajectory and
subtracts from the effect of gravity during
the descending portion. The air resistance
also acts to decrease the horizontal com-
ponent of projectile velocity over the entire
trajectory. The net result is that the angle
of fallbecomes greaterthan the angleof ele-
vation, the summit is displaced closer to the
point of impact than to the origin, and the
range of the projectile is greatly reduced.
This is shown by Figure 2-6(A), which is a
projectionof a typicalstandardtrajectory on
the plane of departure.

Withrespect to the initial line of departure of the projectile along the weapon line, "falling" actually starts, of course, just as soon
as the projectile is free of the weapon; i. e., there is a constant acceleration acting towards the earth's center throughout the flight

of the projectile.

2-6
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TRAJECTORY IN THE ABSENCE/

("2l
2 | OFA GRAVITY /
X FIELD (SEE FIG. 2-4) ’
N /7
#[ = gt* =DISTANCE THE PROJECTILE FALLS DURING
0 f TIME t FROM THE STRAIGHT-LINE TRAJECTORY
MUZZLE VELOCQITY CF FIG. 2-4, DUE TO THE PRESENCE OF THE
vy 7 EARTH'S GRAVITY FIELD
rd
5 \
PROJEEF LE TRAIECTORY \
A Y
QUADRANT ANGLE ON
OF DEPARTURE ANGLEMOF FALL 2
BO
x AXI
0

TERMINAL POINT
2
THE EQUATIONS OF MOTION FORA PROJECTILE AS IT MOVES ALONG ITS
TRAJECTORY IN THE ABSENCE OF AIR RESISTANCE BUT IN THE PRESENCE OF A
GRAVITY FIELD ARE AS FOLLOWS:

y = (\/o sin 00) t - (1/2) gt2

X = (v cos Bo)t

WHERE ¢ IS THE ACCELERATION DUE TO THE EARTHS GRAVITY FIELD AND THE
OTHER QUANTITIES ARE AS DEFINED IN THE FIGURE. THE ELIMINATION OF TIME
FROM THESE EQUATIONS OF MOTION GIVES THE FOLLOWING PARABOLIC EQUA-
TION FOR THE TRAJECTORY IN TERMS OF THE y COORDINATE AS A FUNCTION
OF THE x COORDINATE:

y = (tan g} x -

"
"W

FOR SUCH A TRAJECTORY, THE FOLLOWING CHARACTERISTICS PERTAIN:

(1)  THE SHAPE IS THAT OF A PARABOLA WITH A VERTICAL AXIS.

@  THE MAXIMUM ORDINATE IS LOCATED HALFWAY BETWEEN THE
WEAPON AND THE TERMINAL POINT £

(3) THE ANGLE OF FALL « IS EQUAL TO THE QUADRANT ANGLE OF
DEPARTURE 6,

(4  THE STRIKING VELOCITY AT THE TERMINAL POINT IS EQUAL TO THE
MUZZLE VELOCITY.

(55 THE MAXIMUM RANGE IS OBTAINED WITH A QUADRANT ANGLE OF
DEPARTURE OF 45°,

Figure 2-5. The trajectory of a projectile fired in a vacuum but with
gravity effects considered.

Resistance of the air to the forward mo-
tion (range motion)of a projectile greatly in-
fluences not only the shape of the trajectory
in elevation but also adversely affects the
azimuth direction of the projectile. This is
shown by Figure 2-6(B), which is a projec-

tion of a typical standard trajectory on the
horizontal plane. For reference purposes,
the characteristics of a standard trajectory
are summarized in Figure 2-6(C).

The following factors must betaken into
account in ascertaining the difference in the

2-7
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(A) The projection of a typical standard trajectory onto the plane of departure
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(B) The projection of a typical standard trajectory onto the horizontal plane

WHEN A PROJECTILE IS FIRED IN AIR AND 1S UNDER THE INFLUENCE CF
GRAVITY, THE THEORETICAL TRAJECTORY INA VACUUM @EE FIG. 2-5) IS MOD-
IFIED BY AIR RESISTANCE, WITH THE FOLLOWING RESULTS:

() THE TRAJECTORY IS NOT A TRUE PARABOLA IN THAT THE RANGE

TO THE SUMMIT OF THE TRAJECTORY IS MORE THAN HALF THE TOTAL

RANGE.

(2) THE ANGLE OF FALL IS GREATER THAN THE ANGLE OF ELEVATION.

(3) THE STRIKING VELOCITY I8 LESS THAN THE INITIAL VELOCITY.

(4) THE MAXIMUM RANGE OF THE PROJECTILE IS OBTAINED CLOSE TO,
BUT NOT PRECISELY AT, AQUADRANT ANGLE OF DEPARTURE OF 45
DEGREES. FOR SMALL BALLISTIC COEFFICIENTS, THE ANGLE IS LESS
THAN 450; FOR LARGE BALLISTIC COEFFICIENTS, THE ANGLE IS

GREATER THAN 45°,

(C) Characteristics of a standard trajectory

Figure 2-6.

The trajectory of a projectile fired under standard atmospheric conditions

(both gravity and air resistance present).

trajectory characteristics of a projectile
fired in air from the characteristics of one
fired in a vacuum:

1. The density of the atmosphere. The
air offers resistance to the projectile that
substantially alters the characteristics of the
trajectory. Since the density of the atmos-
phere differs fromtime totime inaccordance
with changesin temperature and barometric
pressure, and also in accordance with alti-

2-8

tude, air resistance as well varies not only
with time but also with altitude as the pro-
jectile travels the course of its trajectory.

2. The characteristics of the projec-
tile. The specific characteristics of a pro-
jectile thatinfluence its retardationin pass-
ing through air of a given density are (1)its
weight, (2) itscross sectionalarea which is,
of course, proportional to the square of the
projectile's diameter, and (3) its shape. A
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projectile that has a streamlined front end
encounters less resistance than one having
ashortbluntnose. The shapeof the base also
affects theair resistance encountered by the
projectile.

3. Theinitial velocity. With theair den-
sity and the design of the projectile consid-
ered to remain constant, the initial velocity
of the projectile affects the characteristics
of the trajectory because the amount of re-
sistance offered by the air varies with the
projectile velocity.

While, in general, air resistanceis con-
sideredto be a resultant vector force, many
significant force and moment factors make
up the total effect that causes retardationand
mis-direction of the projectile inflight. (See
Reference 3 for an excellent summary of
these factors.) The resultant aerodynamic

RESULTANT AERODY NAMIC
FORCE DUE TO AIR RESISTANCE

CROSSWIND

force R that acts on a moving projectile as
a result of air resistance can be treated as
two component forces (see Fig. 2-7):

1. Crosswind force L which at any in-
stant is a force lying in the plane formed by
the tangent to the trajectory and the axis of
the projectile (the plane of yaw) having a di-
rection perpendicular to the direction of pro-
jectile motion.

2. DragD which atany instantis aforce
acting in the same plane as the crosswind
force, and havinga directionparallel and op-
posite to the direction of projectile motion.

A's the attitude of the projectile varies
with respect to the instantaneous direction
of motion of the projectileover the course of
the trajectory, the direction of the crosswind
force also varies. In addition, the magnitude
of the crosswind forceincreases as the angle

AXIS OF
PROJECTILE

TANGENT TO
TRAJECTORY
(DIRECTION OF
MOTION OF

PLANE OF _ TRAJECTORY projeCTILE)
YAW CENTER OF
PRESSURE
ANGLE OF cP
ORIENTATION
¢ CENTER
OF GRAVITY
CG
VERTICAL PLANE

NOTES:

THROUGH THE
TANGENT TO THE
TRAJECTORY

1. THE PLANE OF YAW IS AN INSTANTANEOUS PLANE FORMED BY THE
TANGENT TO THE TRAJECTORY AND THE AXIS CF THE PROJECTILE.

2. THE DIHEDRAL ANGLE BETWEEN THE PLANE OF YAW AND THE VERTICAL
PLANE THROUGH THE TANGENT TO THE TRAJECTORY IS KNOWN AS THE

ANGLE OF ORIENTATION ¢,

THE ANGULAR MOTION OF A PROJECTILE

ABOUT ITS CENTER OF GRAVITY IN THREE DIMENSIONS IS DESCRIBED
IN TERMS OF THE ANGLE OF YAW 6 ,AND THE ANGLE OF ORIENTATION .

Figure 2-7.

The forces on a projectile moving in still air.
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of yaw increases. As indicated by Figure
2-7, the attitude of a projectile with respect
to the direction of motion of the projectile is
completely specifiedat any particularinstant
by the angle of yvaw 6, and the angle of orienta-
tion ¢. Figures 2-8 and 2-9 show typical
variations of these quantities with time and
with one another. Thetrain of events pictured
stems from a combination of projectile pre-
cession (see par 2-2.3.3.6) and the resulting
variations of air pressure on the projectile
nose. In order to meet projectile- stability
criteria, the oscillations in vaw (called nu-
tations)must be damped out, as shownin Fig-
ure 2-8. (For asummary of how projectiles
can be designed to achiecve appropriate con-
trolof theirflightcharacteristics, thereader
should consult References 3 and 7.)

Drag, the force component of the total
air resistance that acts in the direction op-
posite to the direction of motion of the pro-
jectile, is generated by the resistance of the
projectile nose, the skin friction caused by
translation and rotation, and the formation
of eddy currents and a partial vacuum at the
base of the mowving projectile. The behawvior
of airflow over the surface of the projectile
in its passage through the air is affected by
the formofthe projectile. A blunt-nosed pro-
jectile encounters greaterairresistance than
a projectile with a pointed nose. A square-

o]

base projectile similarly offers more im-
pedanceto air flowthan a tapered-base pro-
jectile. Projectile sizealso influencesdrag:
the largerthe diameter of the projectile, the
greater the surface area exposed to the air;
consequently, the more the drag cffect tends
to retard the projectile (for a given mass).:;:
Again, the larger the projectile, the greater
is the wolume of air that must be displaced
from the path of the projectile: a portion of
the kinetic energy imparted to the projectile
at the instant of firing must be used to per-
form the work of displacingthis air.

Skinfriction, too, plays an effectiverole
as a component of drag. A rough surface on
the projectile increases air resistance and,
accordingly, decreases the range. As the
projectile penetrates the air at high speed,
the viscosity of the air affects projectile mo-
tion as described below. Layers of air ad-
jacent to the surface of the projectile are
dragged along with it; other layers of air
above and contiguous with thescare not. The
air, therefore, submits to this layer-sliding
action with a reluctance that is manifested
by shearing stresses on the projectile sur-
face; here, again, dragresults inrctardation
of the forward motion of the projectile.

The welocity of the projectile along its
curved trajectory also influences drag, as
shown by Figure 2- 10 for various projectile
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NOTE: THE DAMPED-OSCILLATION CONDITION REPRESENTED HERE
IS EXPERIENCED BY THE PROJECTILE AS |T LEAVES THE GUN
AND ALSO WHEN THE DIRECTION OF PROJECTILE MOTION
IS CHANGED AT THE TOP OF THE TRAJECTORY.

Figure 2-8. Plot showing a typical variation of the angle of yaw with time.

*

In general, however, the larger the diameter of a projectile, the greater its mass, and hence the greater its momentum.

This in-

crease in momentum with size usually overcomes the increased drag due to air resistance.

2-10
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NOTES:

ANGLE OF
ORIENTATION

1. YAW IS PROPORTIONAL TO THE RADIAL DISTANCE FROM ORIGIN.
2. NUMBERS DENOTE TIME IN UNITS OF 0.0025 SECOND.

Figure 2-9.

Polar plot showing a typical variation of the angle of orientation and

the angle of yaw with time.

shapes. Belowthe speed of sound, skin fric-
tion constitutes the primary retardation ef-
fect and drag is approximately proportional
tothe square of the velocity of the projectile.
For increasing projectile velocities in the
subsonicrange, the retarding effect also in-
creasesbut atafasterrate. Asthe projectile
velocity approaches the speed of sound, asud-
den increase in drag occurs as a result of
localvelocities on the surface of the projec-
tile exceeding the speed of sound and a shock
wave being set into motion. Since energy is
requirednot only to establish but to maintain
any wave motion set up in the air by the pro-
jectile, the energy that is contained in the
shock wave is derived fromthe kinetic energy
imparted to the projectile at the instant of
firing. Thus, the shock wave represents an
energy loss that is continuously being dis-
sipated through compression and irrevers-
ible heating of the air passing through the
shock wave. The continuous drain of energy

atthislevel of velocity obviously contributes
tothe retardation of the projectile. Further-
more, as the velocity of the projectile in-
creases beyond the speed of sound, the air-
streampassing over the surface is unable to
effect closure behind the base of the pro-
jectile; this inability creates turbulence, or
wake, behind the projectile. At supersonic
velocities, more shock waves are generated
that add further drag or retardation effect.
The total effect of friction, wake and shock
waves, therefore, altersthe range of the pro-
jectile.

A finalfactor thatinfluences dragis yaw-
ing which, because of aerodynamic effects,
results in a motion that fails to present the
projectile to the air point first and thus re-
quirestheprojectile to move through the air
witha projected area greater than its diam-
eter. If the angle of yaw exceeds 2° or 3°,
the air resistance increases sufficiently to
induce a retarding effect.
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(B) Drag coefficientvs Mach number for the projectile shapes shown in part A.

Figure 2-10. The influence of projectile velocity on drag for various projectile shapes.

In addition to the dominant aerodynamic
forces of drag and crosswind force that act
ona projectile as a result of air resistance,
a dominant moment, called the overturning
moment OM, must alsobe considered. (Other
moments, such as the Magnus moment due
to yawing and the yawing moment due to yaw-
ing, cannormally beneglected.) This moment
(seeFig. 2-7) is the moment of the resultant
aerodynamicforceR (which acts through the

2-12

center of pressure of the projectile) about
the center of gravity of the projectile. It
varies with the sine of the angle of yaw 6.

2-2.3.1.3 Mathematical Relationships As-
sociated With the Trajectory

The exact calculation of a projectile's
trajectory under standard conditions would
pose no serious problem if accurate data
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were available on the inertia, gravitational,
and aerodynamic forces exerted on the pro-
jectile as it moves through the air. This is
particularly true in the present era of high-
speed digital computers which were origi-
nallydeveloped in order to solve the trajec-
tories of projectiles and bombs. Unfortu-
nately, the prediction of the aerodynamic
forces just discussed is a matter of con-
siderable difficulty and thus represents the
primary problemassociated with the exterior
ballistics of a projectile.

Themathematics that pertain to the ex-
teriorballistics of aprojectile (see summary
in Appendix 2-1)arediscussed in References
3and 7. These references provide an excel-
lent description of the present-day means
employedto analyzetrajectories and to obtain
firing tables, via high-speed digital com-
puters, that very closely reproduce data ob-
tained fromtest firings. In addition, Chapter
4 of Reference 7 provides an example of a
desk-computer method of trajectory calcu-
lation. For additional information on the
various aspects of exterior ballistics, the
reader should consult References 4 through
6 and 8 through 12.

As shown by Reference 4, the equations
of motion of a projectile under standard con-
ditions can be put in the form

TP
c
GH
y =~ C Yy-9

where

X = instantaneous horizontal range of
the projectile

y = instantaneous projectile altitude

G = drag function, proportional to the
product of the drag coefficient, Kp
(see Appendix 2- 1) and the velocity
u of the projectile relative to the
air

H = air density ratio

g = gravitational acceleration

C = Dballistic coefficient, a measure of

the relative air resistance of the

projectile (sce Appendix 2-1).
and the dots denote derivations with respect
to time. While these equations cannot be
solved analytically, they car be solved by a
method of numericalintegration. This meth-
od, which superseded the so-called short-arc
method, was the principal method used in the
United States subsequent to World War I until
the advent of high-speed digital computers
during World Waril, Themethodis explained
inReferences 5, 8, 9 and 10. Figure 2-111is
aplot of trajectories thus obtained for an ini-
tialprojectile velocity of 2,800 ft per sec, a
quadrantangle of departure of 45°, and var-
ious values of the ballistic coefficient. Ref-
erence 5 gives several sets of curves, in-
cluding time-of-flight data, for various pro-
jectile types, eclevation angles and muzzle
velocities. For a discussion of the applica-
tion of high-speed digital computers to a dif-
ferent numerical-integration approach, sece
Appendix 2-1.
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Figure 2-11. Plots of trajectories for vy = 2,800 feet per second, 6, = 45°, and C variable.
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2-2.3.2 Effects of Jump

The combination of factors that deter-
mine the total velocity of the projectile are
responsible for creating the phenomenon of
jump that causes the initial projectile-ve-
locity direction to differ from the direction
in which the weapon is aimed. When a pro-
jectile is launched from a gun, the phenom-
enon of a jump usually occurs as a combina-
tionof avertical jump effect and a horizontal
jump effect.

2-2.3.2.1 Vertical Jump

Four factors, as follows, contribute to
vertical jump:

1. The bore axis of a gun at rest does
not exist as a straight line because of the
cantilever construction of the gun tube. The
axis of the bore has the characteristics of a
curve that becomes more pronounced, the
longerthe bore. This characteristic is gen-
erally referred to as gun-tube droop. The
projectile in passing through the bore at high
velocity tends to straighten out the droop with
an upward whipping effect. Because of the
elasticity of the gun-tube metal and the forces
involved, the guntubeis curved slightly con-
caveupwards at the instant of release of the
projectile.

2. Thereaction of the guntubeto the ro-
tation of the spinning projectile as it moves
alongthebore also influences vertical jump.
As the projectile rotates clockwise (when
viewed fromthe breech of the gun) the twist-
ing moments that are induced tend to twist
the guntube in a counterclockwise direction.

3. As the projectile moves down the
bore, the center of gravity of the projectile-
gun tube system shifts and tends to displace
the muzzle toward the ground.

4. Thelack of complete rigidity of var-
ious parts of the gun and its carriage, com-
bined with lack of complete stability (dueto
terrainal effects), also influences vertical
jump.

It shouldbe observed thatthese four fac-
tors affecting verticaljump donotnecessarily
existinthe same degree nor act in the same
direction. Becausethemagnitude and direc-
tion of these factors cannot be determined
by practical means, vertical jump is deter-
mined experimentally for each weapon.

2-14

2-2.3.2.2 Lateral Jump

Lateral jumpis an effect similar to ver-
tical jump:; however, it represents the dif-
ference in azimuth — i.e., in the horizontal
plane — between the line of bore sight and
theline of departure. When the phenomenon
exists, ithas amagnitude much less than that
of vertical jump.

Lateral jump generally occurs as a re-
sult of an unbalanced carriage condition, al-
though some ofthe vertical-jump factors may
contributeto lateral jump also. For a given
unbalanced carriage condition, lateral jump
increases slightly as guntraverse increases.
On the other hand, lateral jump is usually
considered negligible in stable carriages.

Frequently, curvature of the gun tube is
a factor that produces lateral jump; it may
be considered to be the counterpart of gun
droop but derives from improper manufac-
turing techniques. When held within specified
limits, gun-tube curvature produces negli-
gible lateral jump effects.

2-2.3.3 Variations from Standard Conditions

The factors that influence the motion
of a projectile are related to certain pre-
supposed conditions involving the weather,
the weapon, the projectile, and a motionless
earth. Such conditions are referred to as
standard conditions. Because these condi-
tions donot exist ata particular time of wea-
pon firing, variations from the assumed and
accepted standard conditions introduce dif -
ferences that influence the behavior of the
projectile. Thesevariations are referred to
asnonstandard conditions. It should be noted
that while some of the factors that make up
nonstandard conditions are not natural phe-
nomena, they are generally treated as varia-
tions from the norm.

Nonstandard conditions include the fol-
lowing quantities:

1. Propellant characteristics
Projectile weight
Air density
Air temperature
Differences in muzzle velocity
Drift
Wind
Effects of the rotation of the earth
Nonrigidity of the trajectory.

L0 N DU R WD
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2-2.3.3.1 Propellant Characteristics

The characteristics of propelling charges
used to fire projectiles vary from standard
conditions because of differences in pro-
pellant temperature and moisture content.
These differences cause variations in igni-
tion, rates of burning, gun-tube temperature,
and secating of the projectile that produce
variations in muzzle velocity; therefore, var-
iations in range result.

2-2.3.3.2 Projectile Weight

Projectiles of the same caliber are spec-
ified as having a standard weight. However,
variations from standard — i.e., heavier-
than-standard or lighter-than-standard —
often occur among projectiles of the same
caliber. A description of the effects of pro-
jectile weight follows. A projectile that is
heavier than standard will acquire from the
propellant about the same amount of energy
as alighter projectile; consequently, the pro-
jectile leaves the muzzle with a muzzle ve-
locity lessthanthat possessed by a projectile
of standard weight. But the heavier pro-
jectile, because of the greater sectional den-
sity, has an improved ballistic coefficient,
andthe effectistoward an increase in range.
For heavier-than-standard projectiles, the
net effect of the two factors is to decrease
the range over short times of flight and in-
crease the range over the longer times of
flight. For lighter-than-standard projec-
tiles, the reverse is true.

2-2.3.3.3 Air Density

The density of the air is an important
factor related to drag because any increase
in air density causes greater resistance to
the forward motion of the projectile, which
results in a decrease in projectile velocity
and range. However, air density also in-
fluencesthe path of the projectile and its time
of flightbecauseit is a measure of the mass
that mustbe displaced by the projectile along
its flightpath. Thegreater the density of the
air, the more kinetic energy must be con-
sumed to overcome the compactness of the
air and, as a consequence, the greater is the
retardation of the projectile. Overlongtimes
of flight, the projectile may pass through

several layers of air having different den-
sities which may have significant effect on
range. For short times of flight, the range
effects due to density variations in the at-
mosphere are negligible.

2-2.3.3.4 Air Temperature

Nonstandardtemperature affects the path
of a moving projectile in an oblique manner.
Because airtemperature and air density are
interdependent, variations in the former in-
fluence the latter. It was established in the
discussion of factors relating to drag that air
density affects the retardation of the pro-
jectile. Therefore, sincea variation in tem-
perature brings about a variation in density,
thelatterinturn causes a variation in range.
Asthe temperature of the air increases, the
range of the projectile may increase or de-
crease, depending on the velocity of the pro-
jectile. Therelationship of drag to the Mach
number of the projectile (projectile velocity/
velocity of sound) changes abruptly when the
projectile velocity is in the vicinity of Mach
1. As the velocity approaches the speed of
sound, the effect of drag increases. But as
the air temperature increases, the velocity
of sound alsoincreases. In this way, the dif-
ferential effects of air temperature influence
the location of the point on the trajectory at
which the change in retardation due to the
initial speed of sound occurs. Over a con-
siderable amount of aprojectile's trajectory,
the projectile velocity may be below the speed
of sound. The supersonic range of the cali-
ber .30 projectile, for example, is quite short.

2-2.3.3.5 Differences in Muzzle Velocity

Amongthe deviations from the standard
conditions that cause a projectile to impact
orburst at some point other than the target,
arevariations inmuzzle velocity. The muz-
zlevelocity isthe maximum speed attained by
a projectile while under the influence of the
propellant gases and occurs shortly after it
leaves the muzzle of the weapon. The greater
the muzzle velocity of aparticular projectile,
the greateristherange it can attain. Accord-
ingly, variations inthe actual muzzle velocity
from the standard value upon which a par-
ticular setof firingtablesisbased will result
in range inaccuracies.
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Variationsinmuzzlevelocity result from
anumber of causes which can be summarized
as follows:

1. As already noted in pars 2-2.3.3.1
and 2-2.3.3.2, respectively, variations in
propellant characteristics (temperature and
moisture content) and variations in projectile
weight contribute to changes in muzzle ve-
locity.

2. Erosion of the weapon tube enlarges
the bore. This allows the propellant gases
to escape, thereby reducing gas pressure and
hence the muzzle velocity.

3. Lack of hard, uniform ramming of
separate-loading ammunition from round to
round causes variation in the seating of the
projectile, which results in nonuniform ve-
locities at the muzzle.

4. Rough surfaces on the rotating band
of aprojectile preventits proper seating. As
aresult, the propelling gases escape and the
muzzle velocity decreases.

5. Evensuchminorfactors asmanufac-
turing tolerances and oily weapon tubes result
inminor and abnormalvariations in the muz-
zle velocity of the projectile.

2-2.3.3.6 Drift

Asindicatedin Figure2-6(B), thetrajec-
tory of an elongated, rotating projectile de-
viates laterally from its plane of departure
in such a manner that the horizontal trace
of the trajectory is a curved, rather than a
straight,line. Thislateraldeviationis called
drift and is measured as the perpendicular
distance fromthe end of the trajectory to the
plane of departure. Itis sometimes referred
to as linear drift in order to differentiate it
from angular drift, which is the angle sub-
tended by the linear drift between the plane
of departure and the vertical plane contain-
ing the line of site.

Drift may be considered to result from
the following three causes:

1. Gyroscopic action

2. Magnus effect

3. Cushioning effect.

It is reasonably certain, however, that
the combined effect of the last two causes

named is minor compared with the effect of
the first.

Thepart played by gyroscopic action will
beconsidered first. A projectile when fired
from a weapon is given a rotating motion or
spin about its longitudinal axis by means of
therifling, i.e., the lands and grooves of the
tube. This spinningaction prevents tumbling
of the projectile during its flight. In U. S.
Army weapons, rifling is always right-hand
twist, sothe projectiles spin clockwise when
viewed from the base of the projectile. The
spinning action is accomplished at a rota-
tional speed sufficient to make the projectile
behave as a gyroscope during its time of
flight. Although this gyroscopic behavior
serves to stabilize the projectile in flight,
itdoes at the same time subject the spinning
projectile to gyroscopic precession. Gyro-
scopicprecessionis a change in the orienta-
tion of the spin axis of a rotating body that
takes place astheresult of an applied torque.
Thedirectionor axis about which the rotating
body willturn, orprecess, is such as to bring
the spin axis into alignment with the direc-
tion or axis about which the torque is applied
(see Fig. 2-12). The particular precession
of concern here results from the interaction
of thetorque producedby the crosswind force
L*(seepar 2-2.3.1.2), which acts at the cen-
ter of pressure of the projectile, with the
angular momentum of the spinning projectile.

The gyroscopic precession of a projec-
tileoccurs as aresult of the curvature of the
flight path due to gravity (see par 2-2.3.1.1)
inthe followingmanner. Because of the sta-
bilityof the projectile arising from its spin,
the projectile tends to maintain its original
flight orientation in space even though the
trajectoryitself does curve. Thismeans that
asthetrajectory drops away from the initial
flight direction due to the action of gravity,
thenoseof the projectile points slightly above
the trajectory. The air pressure acting on
theunderside of thenose of the spinning pro-
jectile causesthe projectiletoprecess clock-
wise (asviewed from above the trajectory).
This shift of the longitudinal axis of the pro-
jectile now exposes the left side of the nose
(as viewed from above the trajectory) to the

*
The principal force involved is the crosswind force since, with the small angles of yaw encountered in practice, dragproducesnegli-

gible torque on the projectile.
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THE BASIC LAW OF MOTION OF A SPINNING BODY, SUCH AS A PRO-
JECTILE IN FLIGHT, IS THAT WHEN A TORQUE M IS APPLIED (SEE ABOVE) THE SPIN
AXIS OF THE BODY ROTATES (PRECESSES) ABOUT A N AXIS THAT IS PERPENDICULAR
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CESSION IS DIRECTLY PROPORTIONAL TO THE APPLIED TORQUE. THE DIRECTION
OF PRECESSION 1S SUCHAS TO ALIGN THE ANGULAR MOMENTUMVECTOR H
(WHICH 1S COINCIDENT WITH THE SPIN AXIS) WITH THE APPLIED TORQUE VECTOR.
THIS ACTION IS REPRESENTED BY THE FOLLOWING VECTOR RELATIONSHIP BETWEEN
THE ANGULAR MOMENTUM VECTOR, H, THE APPLIED TORQUE VECTOR M, AND THE
ANGULAR VELOCITY OF PRECESSION, Wprec

M=W X H
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THE ASSOGCIATED VECTOR DIAGRAM IS
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IN CHAPTER 4 OF REFERENCE 1. prec

THIS VECTOR RELATIONSHIP AND VECTOR DIAGRAM REPRESENT THE
PHYSICAL FACT THAT WHEN A TORQUE IS APPLIED TO A SPINNING PROJECTILE,
AS SHOWN BELOW, THE PROJECTILEACTUALLY ROTATES (PRECESSES) IN A DIRECTION
THAT IS AT RIGHT ANGLES TO THE ROTATION THAT WOULD RESULT FOR A NON-
SPINNING BODY.

SPINNING
PROJECTILE
DIRECTION OF DIRECTION OF
PRECESSION APPLIED TORQUE
DIRECTION CF°
PROIECTILF SPIM
Figure 2-12. The gyroscopic precession of a spinning projectile.

air pressure. Continuing gyroscopic behav-
ior then precesses the spinning projectile
nose-downward. This kind of precession
action continues until the projectile is once
again positioned with the underside of the
nose exposedtothepressure of the air. This

train of events continues, causing the axis of
the projectile to oscillate about the instan-
taneous tangent tothe trajectory. The oscil-
lating cycle repeats itself with diminishing
effect (seeFigs. 2-8 and 2-9). The predom-
inant orientation of theprojectilenose, how-
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ever,isupward. Therefore, since the maxi-
mum air pressureis always on the underside
of the projectile, thenetprecession is always
toward the right.

The phenomenon of precessionhasnegli-
gible effect on the trajectory of spin-stabi-
lized projectiles launched at high angles of
elevation. However, for projectile flight
paths at low angles of elevation, the projec-
tile continues its precessional orientation
towardtheright. Asaresult of this crabwise
movement, the lateral component of air re-
sistance continuesto push the projectile fur-
ther towards the right, thereby causing the
projectile todrifttothe right from the initial
vertically-oriented plane of the fire. The
magnitudeof the drift — expressed as a lat-
eral distance on the ground — is dependent
on the rotational speed of the projectile, the
curvature of the flight path due to gravity,
and the time duration of flight. As shown by
the vector relationship of Figure 2-12, the
amount of precession —andhence the drift —
variesinversely with rotational speed of the
projectile. Drift increases with an increase
of the other two factors, however.

A description of the part played by the
Magnus effect in producing trajectory drift
follows. As has already been noted, the ini-
tial tendency of a projectile to maintain the
originaldirection of its axis as it falls away
from the axis of the weapon tube causes the
air stream to strike the lower side of the
projectile. The air stream then splits, with
part goingpasttheprojectile on the left-hand
side (as viewed from the rear of the projec-
tile)and part going past the right-hand side.
Because of this and the projectile's right-
hand spin, the air adhering to the right-hand
side of the projectile meets and opposes that
part of the air stream passing on the right-
hand side of the projectile, with a resulting
increase in pressure on that side. At the
same time, there is a corresponding rare-
faction onthe left-hand side of the projectile.
This results from the fact that the air ad-
hering to the left-hand side of the projectile
ismovingin consonance with that part of the
air stream passing on the left-hand side of
the projectile. Accordingly. the projectile
tends to move to the left, the side of lesser

pressure. This effect — known as the Mag-
nus effect — is the same phenomenon that
causes a golf ball to hookor to slice. The
Magnus effect can be important in the de-
scending end of a trajectory for a projec-
tile fired at high elevations of the weapon
tube. This is because the steepness of the
descent causesthe air stream to hit the pro-
jectile nearly perpendicular to its axis, and
thereforewith maximum Magnus effect. As
can be seen, the Magnus effect opposes the
gyroscopic effect.

The cushioning effect stems fromthe fact
that the air tends to pile up on the underside
of the projectile and, therefore, forms a cush-
ion. Theprojectiletendstorollon this cush-
ionbecauseofits spin and the friction exist-
ing between the projectile and the cushion.
This rolling movement is to the right in a
projectile with right-hand spin. Thus, the
cushioning effect opposes the Magnus effect
but adds to the gyroscopic effect.
2-2.3.3.7 Wind

Thelateraldeviation of a projectile from
its standardtrajectory results fromtwo prin-
cipalfactors. The firstfactor, drift, has been
discussed previously. The second factor is
wind. For purposes of practicality, a theo-
retical wind that is assumed to be constant
is sometimes employed for correction pur-
poses. This constant wind, termed ballistic
wind, is expected to have the same effect on
a projectile during its flight as the varying
winds actually encountered.*

The ballistic wind is considered to be
horizontal. Ingeneral, ittherefore has com-
ponents that are parallel and perpendicular
totheline of fire. Accordingly, the ballistic
wind generally influences both the range and
direction of a projectile's trajectory. The
component of ballistic wind that blows at right
angles to the line of fire is called the cross
wind or lateral wind and causes the projec-
tile to be displaced laterally with respect to
the line of fire. The component of ballistic
wind that blows in the plane of fire, on the
other hand. is referred to as range wind.

With respectto the relationship between
the projectile velocity and the velocity of the

*
It should be noted that the concept of a ballistic wind is necessary only for hand solutions; machine solutions use a "Meteorological

Message" in which winds are taken altitude by altitude.
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air adjacenttothe projectile, range wind may
produce positive or negative effects. If the
air moves withthe projectile — i.e., if a tail-
windis present — the velocity relative to the
air is reduced, theprojectile encounters less
air resistance and therefore less drag, and
a longer range results. On the other hand,
if the air moves in direct opposition to the
forward motion of the projectile — i.e., a
headwind exists —the velocity relative to the
air is increased, drag is increased and the
range decreases.

Thecrossorlateralwind component does
not, of course, affect the trajectory range,
being responsible only for such deflection of
thetrajectory thatisnot attributable to drift.
Thedirection and magnitude of this deflection
is dependent on the azimuth and velocity of
the wind.

The effectof the ballistic wind has negli-
gibleinfluence on flight paths having a short
time duration. Conversely, considerable ef-
fect on the accuracy of weapon fire results
for flight paths of long time duration.

2-2.3.3.8 Effects of Rotation of the Earth

The rotation of the earth is a factor that
affects boththe range and azimuth of the ter-
minalpoint of a projectile's trajectory. Be-
cause the earth rotates from east to west at
anangularvelocity of 15 degrees per hour —
producing atangential velocity of 1024 miles
per hour at the equator — the effect of the
earth's rotation on the movement of a pro-
jectilefiredto ahigh altitude on a very-long-
range trajectory is highly significant from
the standpoint of accuracy. Unlessthe earth's
angular velocity is accounted for in the dif-
ferential equations of motion for the projec-
tile — e. g., in Eqgs. 9, 10, and 11 of Appen-
dix 2-1 — errors in trajectory calculations
will result.

For very long-range trajectories, two
other factors come into play: the variation
of gravity with altitude and the curvature of
the earth. An explanation of their influence
on projectile motion follows. Rotation of the
earth is considered as a nonstandard condi-
tioninvolving the factors of direction of fire,
angle of departure and velocity of the pro-
jectile, and aspects of longitude and latitude,
i.e., therelative positions of weapon and tar-
getwith respect to geographic location. For

long ranges. these aspects represent a de-
parture from the standard structure; here,
projected motion cannolonger be considered
from the standard conditions of air resist-
ance, a flat earth, and a homogeneous field
of gravitation. The variation of gravity with
altitude and the curvature of the earth's sur-
face influence projectile motion in the fol-
lowing ways:

1. Theinfluence of the variation of grav-
ity with altitude has aminor deviational effect
on long-range projectiles. Only when the
maximum ordinate of the trajectory reaches
100miles or more is this factor significant.
Atthis altitude, at the equator, the accelera-
tion due to gravity decreases approximately
5%, the effect of which would increase the
rangebeyond predicted values obtained under
standard conditions.

2. The curvature of the earth affects
computation of the trajectory in two ways. In
the first place, the direction of the down-
ward force of gravity is established at the
origin of the trajectory. At long range, the
direction of the force of gravity at the point
of impact is not parallel to the gravity force
at the origin. In the second place, under
short-range, standard conditions, the co-
ordinates of the particular target are deter-
mined on the basis of a horizontal plane; at
longranges, the curvature of the earth must
be accounted for in computing the point of
fall. With the curvature of the 'earth changing
at a rate of approximately one degree for
cach70miles, the range of a projectile over
a long trajectory increases over that range
computed by simplified solutions. It should
benotedalso that the influence of the curva-
ture of the earth and variations in the gravi-
tational field always act on a given projectile
path irrespective of the direction of fire.

2-2.3.3.9 Nonrigidity of the Trajectory

In the standard structure assumed and
accepted as the basis of weapon fire, the
standardtrajectory of aprojectile is referred
to the horizontal plane that passes through
the weapon and the fixed target. In actual
weapon fire, however, targets may be located
at various heights above or below the hori-
zontal plane at different values of range, re-
sulting in various angles of site. For small
angles of site, it is satisfactory to rotate the

2-19



AMCP 706-327

trajectory about the origin through these
smallverticalangles in the plane of fire. In
theory, this may be accomplished without
materially influencing the curvature of the
trajectory (seeFig. 2-13). This assumption,
known as the theory of rigidity of the tra-
jectory, is generally applicable to field-ar-
tillery and small arms fire, and introduces
significant range error only when the ratio
of target height to target range is large so
that the angle of site is large. In particular,
the assumption is not applicable to antiair-
craft-firetrajectories when the angle of site
is normally quite large.

2-2.4 EFFECT OF TARGET MOTION

The physical phenomena that, unless
compensated, will produce errors in weapon
firedonotrelate entirely to the projectile or
the weapon; even if such phenomena did not
exist, any target motion during the time of
flight of the projectile would cause it to miss
the target if it were fired along the line of
site.

Themotionof the target during the time
of flight of the projectile between the time of
launching and the moment of impact has ki-

nematic characteristics that derive from the
integrated effects of target velocity and ac-
celerationduringtheinterval of flight. These
effects, which involve the rotation of the line
of sitetothetarget, vary with target velocity,
theangles of the space geometry, and target
range. When the range to the target is long,
the angular velocity of the line of site (the
apparentmotion of the target to the tracking
system) is relatively low; hence target mo-
tionimposes relatively little influence on the
angular velocity of the line of site in space.
Conversely, when the range to the target is
short, a small amount of target motion re-
sults in a relatively large angular velocity
of the line of site. Because target motion
that occurs during the time of flight would
cause the projectile to miss the target if it
were directed along the line of site to the
target, itis necessary to provide compensa-
tionfortargetmotion. This compensation is
directional in nature and is applied to the
weapon-aiming linebeforelaunching or firing
so that an angle exists between that line and
theline of site. It is generally applied in the
form of component corrections in elevation
and azimuth. The total angular correction
provides a weapon orientation that nullifies
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Figure 2-13.

The rigidity of the trajectory for small angles of site.
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the miss-producing effect of target motion
and allows projectiles to score hits on the
target.

2-2.5 THE PREDICTION ANGLE

After a projectile has been launched, it
is acted upon by various forces peculiar to
the weapon, tothe environment through which
itpasses, and to the motion along its path of
flight. Theassociated corrections that must
be applied as compensation are directional
innature, i.e., ecach correction takes the form
of an angle. Similarly, compensation for the
effects of target motion during the time of
flight of the projectile also takes the form of
an angular correction. The total correction
angle, made up of the sum of these individual
correction angles, forms the required angle
between the weapon line and the line of site
for scoring hits on atarget. This angle is
referred to for generality as the prediction

Figure 2-14. The prediction angle for a stationary target.
FIRE CONTROL PRINCIPLES by W. Wrigley and J. Hovorka.

1959 by McGraw-Hill, Inc.

angle since it is the overall angle that must
be predicted in advance of firing in order to
aim the weapon SO as to obtain hits on the
target. Itisthis anglethat must be generated
by fire control equipment by one means or
another in order to effect the required off-
set angle of the weapon line from the line of
sitethatis required to obtain hits on the tar-
get. The prediction angle for the case of a
stationary target is depicted in Figure 2-14,
while Figure 2-15 represents the prediction
angle for the case of a moving target.

Theprediction angle is composed of three
major components: kinetic lead, ballistic
lead, and compensating corrections. Each is
discussedinturninthe following paragraphs.
The geometry associated with these predic-
tion-angle components is portrayed in Figure
2-16, which is based on the fire-control sit-
nation shown in Figure 2-15.

Kinetic lead is the angular correction
required to compensate for target motion

-

PREDICTION
ANGLE

(Adapted from
Copyright ©

Used by permission of McGraw-Hill Book Company.)
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Figure 2-15. The prediction angle for the case of a moving target.

duringthetime of flight of the projectile and
is a function of that time of flight. It is the
anglebetweenthe line of site to the target at
thetimeof firing andthe predicted future line
of site to the target at the time a hit occurs.
It should be noted that in the case of a sta-
tionary weapon and a stationary target, the
need for the kinetic lead component of the
prediction angle does not exist. An example
ofthis situationis given by Figure 2-17, which
represents those aspects of field-artillery
fire controlproblems thatlie in the elevation
plane. Here, the elevation component of the
total prediction angle is the angle of eleva-
tion. It is comprised of the quadrant angle
of departure, the angle of site, and a correc-
tion for vertical jump. No kinetic lead cor-
rection is required.

Ballistic lead, or curvature correction,
is an angular correctionrequired to compen-
sate for the effect of the various in-flight
forces, such as air resistance and gravity,
that act on a projectile during its time of
flight and result in a curved trajectory. As
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inthe case of the kinematic-lead correction,
it is also a function of the time of flight of
the projectile. Geometrically, it is the angle
between the predicted future line of site to
the target and the projectile line.

The compensating corrections correct
for jump and variations from standard con-
ditions. Jump correction compensates for
initialvelocity effects. It may be defined as
that correction required to compensate for
the nonparallelism of the weapon line and the
initial projectile velocity vector in the par-
ticular coordinate reference system chosen.
Unlike lead correction and curvature cor-
rection, jump correction is not a function of
time of flight of the projectile. It can be
visualized geometrically as being the angle
between the projectile line and the weapon
line, the former being the direction of the
initial velocity of the projectile. Correc-
tions for variations from initial conditions
are made on the basis of available informa-
tion concerning propellant temperature, pro-
jectile weight, air density, etc.
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FIRE CONTROL PRINCIPLES by W. Wrigley and J. Hovorka.

(Adapted from
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2-2.6 COORDINATE FRAMES FOR FIRE
CONTROL

Ashas beennoted, the fire control prob-
lem is inherently kinematic and dynamic by
nature. Its solution is, therefore, readily
expressiblein geometric terms by means of
vectors related by the laws of physics.

Certain vectors (e.g., velocity) require
a coordinate-frame reference in order that
they may be properly specified. Forinstance,
while air speed and ground speed both may
be considered to be vector velocities, they
differ vectorially simply becausetheir frame
of reference in each case is different; air
speed must be associated with an air-mass
reference frame and ground speed must sim-
ilarly be associated with a ground reference
frame. It should be observed that, unless
some reference frame is specified, the con-
cept of velocitycan have no meaning. Since,

Copyright ©

Used by permission of McGraw-Hill Book Company.)

among the general cases of fire control, the
weapon as well as the target rnay be in mo-
tion — e.g., a moving tank firing at another
tank in motion - the specification of vectors
may also be made withrespect to moving co-
ordinates.

In general, there are two broad classes
of coordinate reference frame:: that find ap-
plication in connection with fire control prob-
lems:

1. One class is used in stating the fire
control problem without reference to actual
fire control equipment.

2. Theotherclass isused insolving the
fire control problem and, accordingly, per-
tains to reference frames that are fixed in
relation to the fire control equipment itself.

A greatvarietyof referenceframes have
beenused in connectionwith fire control. The
paragraphs below describe the most impor-
tant of these frames and classify them in ac-
cordance with the aforenoted scheme.
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Figure 2-17. Aspects of the field-artillery fire control problem associated with the
elevation plane.

2-2.6.1 Primary Coordinate Frames of Use
for Statingthe Fire Control Problem

Thereare four primary coordinate ref-
ference frames in which the fire controlprob-
lem can be defined. The first is an inertial
reference frame and is usually referred
to simply as "inertial space”. This is the
framework in which the laws of physics are
expressible in their simplest form. An in-
ertial reference frame is gencrally consid-
ered to be unaccelerated — i.e., ofconstant
velocity andnonrotating —with respect to the
so-called "fixed stars''. For conwvenience, it
is generallytaken with its center at the cen-
ter of the earth. This inertial frame, re-
ferred to as a geocentric inertial reference
frame (see Fig. 2-18), is taken as a refer-
ence only for those fire control problems in
which the time of flight of the projectile is so
long that the effects of the diurnal rotation
of the earth cannot be ignored, for example,
long-range weapon fire.

A second useful reference system is an
earthcoordinate system, which may be con-
sidered fixed with respect to the earth, but
not necessarily centered at the earth's cen-
ter (seeFig. 2-19). Ifthe frame of reference
has its origin at the center of the earth and
rotates withthe earth (see Fig. 2-19(A)), itis
referred to as a geocentric earth reference
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frame. If, on the other hand, the frame of
reference is centered at some conwvenient
pointon ornear the surface of the earth (see
Fig. 2-19(B)), it is referred to as a vehicle-
centered carth reference frame. In general,
the earth frame of reference is extremely
useful for those fire control problems in
which the weapon is either stationary or is
moving at a very slow ground speed. This
reference frame would,therefore, be applica-
ble to most Army fire control problems.

A third useful reference frame may be
describedas an air- mass coordinate system
inwhichthe frame is considered fixed in the
air mass. The air-mass reference frame
(seeFig. 2-20)may be visualized as a frame
fixedin afrecballoon. This frame is partic-
ularly useful for problems associated with
airborne fire control, e.g., a helicopter fire
control system. It should be noted that in
this type of fire control problem the times
of flight are generally of short duration; hence
the air mass is considered to be inertial.
From the standpoint of the air- mass refer-
ence frame, the ballistics of a moving pro-
jectile reducetotheir simplest analytic form.

The fourth useful frame of reference is
the stabilized weapon-station coordinate sys-
tem (seeFig. 2-21). Thisframe of reference
hasits origin centered in the weapon station
and translates with the vehicle that carries
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the weapon. The frame is considered, how-
ever, to be free from any of the rotational
motion of the weapon-carrying vehicle, i.e.,
motion about the reference coordinate axes
intheroll, pitch, and yaw modes. This iner-
tialreferenceframeis generally useful when
thelinear motion of the vehicle is readily dis-
tinguishable from the roll, pitch, and yaw of
the vehicle. Thus, the stabilized weapon-
station coordinatesystemwould be useful for
a tank weapon system designed for firing
while the tank is in motion.

2-2.6.2 Coordinate Frames of Use in Data
Handling and Computing*

As indicated in paragraphs 2-2.2.3 and
2-2.5, the basic parameters of the fire con-
trolproblem are the line of site, the weapon
line, and the prediction angle. In the mech-
anization of the solution to the fire control

The geocentric inertial reference frame.
CONTROL PRINCIPLES by W. Wrigley and J. Hovorka.

(Adapted frorn FIRE
Copyright © 1959

Used by permission of McGraw-Hill Book Conipany.)

problem, actualindications of the line of site
are provided by means of some physical
tracking mechanism. This indicated line of
siteisusually referred to asthetracking line.
Theweapon line, of course, is coincident with
the axis of the weapon tube. Accordingly,
both the tracking line and the weapon line
represent driven lines that are firmly fixed
with respect to physical equipment in any
particular weapon system. Each of these
lines must intrinsically havereference co-
ordinate frames associated with them, i.e.,
there must be a reference frame for the
data-gathering function of the acquisition and
tracking portions of the fire control system
and there must be a reference frame for the
data-utilization function of the weapon-point-
ingsystem.f These two frames may or may
not be identical. The computed prediction
angleitself must also be generated in a ref-
erence coordinate frame. For sake of dis-
tinction, this frame is sometimes referred

*
‘While this topic ties in with the solution of the fire control problem which is discussed in paragraphs 2-3 through 2-3.4 following, it
is presented at this point in order to complete the discussion of coordinate frames for fire control.

T Acquisition and tracking systems are covered in Section 2 of the Fire Control Series; fire-control computing systems are covered in
Section 3; and weapon-pointing systems are covered in Section 4. The present discussion of reference frames is for background in-

formation only.
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Figure 2-19. Geocentric and vehicle-centered Earth reference frames. (Adapted
from FIRE CONTROL PRINCIPLES by W. Wrigley and J. Hovorka. Copyright ©
1959 by McGraw-Hill, Inc. Used by permission of McGraw-Kill Book Company.)

toasthe computation reference frame. It is
this computing frame that largely dictates
the choice of the other coordinate frames
used in carrying out the solution of a given
fire control problem.
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Becausethe computationreference frame
istheframeinwhichthe fire control problem
is actually solved, itisnecessary inthe design
of afire control systemthatthis frame be se-
lected in advance even though — because of the
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Figure 2-20. The air-mass reference frame.
PRINCIPLES by W. Wrigley and J. Hovorka.
Used by permission of McGraw-Hill Book Company.)

Hill, Inc.

selection sometimes being obvious —itisnot
always explicitly stated by the system design
agency. It is obvious that the computation
reference frame selected should be one that
is naturally suited to the fire control prob-
lem at hand rather than one into which the
fire control solutionis forced. Forexample,
two suitabletypes of earthreference frames
and their applications to practical antiair-
craft fire controlproblems are discussed in
paragraph 2-3.3. The applications of these
same reference frames, plus another alter-
nate reference frame, to the data-gathering
functionassociated with sighting and ranging
are discussed in paragraph 2-32.1.

Computation reference frames can be
classified into either of the two followingba-
sic types:

1. A reference frame in which both the
tracking line and the weaponline may be ro-

(Adapted from FIRE CONTROL
Copyright © 1959 by McGraw-

tating with respect to the coordinate axes of
the frame. This type of frame is generally
fully stabilized geometrically with respect
to the earth. The instantaneous orientations
of the tracking line and the weapon line are
then specified by numerical angular mea-
surements relative to the coordinate axes of
the frame.

2. A reference frame in which one of
thethree coordinateaxes is chosento be co-
incidentwith eitherthetracking lineor weap-
on line. The line thatis not aligned with one
of the coordinateaxes isthenmeasuredrela-
tive to the other line.

More detailed information relating to
reference coordinate frames — as applicable
to acquisitionand trackingsystems, comput-
ing systems, and weapon- pointing systems,
respectively — will be given in Sections 2,
3, and 4 of the Fire Control Series.
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2-2.6.3 Effect of the Reference Coordinate
Frame on the Prediction Angle and
Its Components

Inthe previous discussion of the coordi-
nate reference systems used in the solution
of fire control problems, it has been noted
that certainvectors required, froma geomet-
rical approach, a frame of referenceinor-
derto be properly specified. Becauseerror-
producing effects and their assignable cor-
rective measures — e.g., target motion and
the associated kinetic lead correction — are
reducible tovectors, they mustbe considered
in relation to a specified, albeit arbitrary,
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The stabilized weapon-station coordinate system.
FIRE CONTROL PRINCIPLES by W. Wrigley and J. Hovorka.
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reference coordinate frame. As shown by
Figure 2-16, kinetic leadisthe angle between
the presentand future lines of site. Thepres-
ent line of site, of course, is the direction
from the weapon station to the target at the
instant of firing; accordingly, it is invariant
with the reference coordinateframe selected.
The future line of site, on the other hand,
varies with the reference coordinate frame
thatis chosen. (For example, the future line
of site from a moving tank to a stationary
target is different for areference frame fixed
to the tank than it is for a reference frame
fixed to the earth.) Figure 2-22 represents
the future-range vector, in relation to the
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present-range vector, as it might appear
from the standpoint of earth, air- mass, and
weapon-station coordinates, respectively.
For the purposes of illustrating the effect
of weapon-station velocity, the weapon sta-
tionis depicted as a high-speed jet aircraft.
Therefore, lead is also dependent upon the
reference frame chosen. Similar considera-
tions apply to the other components of the
prediction angle, e.g., ballistic lead and the
correction for jump.

On the other hand, the prediction angle
need notbe consideredin relation to a speci-
fied reference coordinate frame because its

Copyright ©

Used by permission of McGraw-Hill Book Company.)

definitive limits (thelineof site and the weap-
on line)aredeterminedby quantities that are
not influenced bythe selection of the refer-
ence space. For example, the weapon line
is coincident with the gun bore in the case of
guns; in rocket launchers, it bears a similar
significance. Since the weapon line repre-
sents aphysical, extensibleline on the weap-
on, its specificationis independent of the ref-
erence coordinate-frame. The line of site,
of course, as already noted, is similarly in-
variant with the reference coordinate frame
selected. Therefore, the prediction angle
also remains invariant with the reference
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frame selected; i.e., irrespective of the co-
ordinate system chosen, the prediction angle
isseento be the same to theobserver in any
selected reference frame.

For a more detailed discussion of the
effect of the reference coordinate frame and
illustrative examples, see Reference 1.

2-2.7 DIFFERENCES BETWEEN FIRE CON-
TROL FOR GUNS AND ROCKETS

It was noted at the startof the discussion
of the fire control problem thattheterm "pro-
jectile" was used in its general sense to in-
clude bullets, projectiles and rockets. How-
ever, from the standpoint of the geometrical
approach, it becomes necessary to delineate
the differences that may exist between firing
bullets and projectiles on the one hand, and
firing rockets on the other.

Gun fire and rocketfire are similar; the
essential difference betweenthem lies in the
method of propulsion. In gunfire, the propel-
lant and its gases are confined in the guntube
andthe projectile is ejected by the pressure
produced by these gases. In rocket fire, the
propellant and its gases travelwith the rock-
et during the burning of the propellant. A
pseudo or fictitious initial velocity thus must
be used to account for its continued propul-
sion after launching.

In general, bullets and projectiles are
fired with a relatively high initial (muzzle)
velocity; the military rocket, by contrast, has
a low initial velocitywhen fired from a static
launcher. For a given target range, this low
initial velocity increases the time of flight
and lessensthe chances of scoring a hit on a
movingtarget. If the rocketis fin-stabilized
(incontrast to spin-stabilized bullets orpro-
jectiles), the low initial velocity results also
in reduced stability during flight and, there-
fore, in greater dispersion.

Rocket firetends tobeless accurate than
gun fire. A gun-fired projectile is usually
guided very accuratelyalong the bore during
the burningtime of the propellant; the turbu-
lent actionof the expanding gases behind the
projectile have little effect on the path of
flight. In contrast, similar turbulences de-

veloped in the rocket exhaust gases are un-
restrained and free to produce variations in
the direction of flight. For this reason, rock-
ets fired from a static launcher are less
accurate than gun-fired projectiles. When
rockets are fired forward from high-speed
aircraft, rocket-fire accuracy is greatly in-
creased because of the high initial velocity
and the aerodynamic effectiveness of the
large protruding fins. This method of air-
craft rocket fire effectuates long-range ar-
tillery equivalence for low-velocity, short-
range rockets when used in air-to-surface
weapon fire.

It should be noted in this connection that
correctionfor jump effects apply both to gun
fire and rocket fire. However, in the case
of gun fire, jump phenomena result from the
elastance of the weaponwhereas, in the case
of rocket fire, the phenomena knownas weath-
er-cocking result from the influence of the
folded rocket fins on the rocket path as the
rocket is fired from the aircraft launching
tube into the airstream.

The rocket-assisted projectile (or, equiv-
alently, gun- boosted rocket)is a new devel-
opment in which a rocket motor is added to a
projectile and the combination is fired from
a gun, The result will be either an increase
in range, an increase in the payload that can
be carried tothe same range asthat obtained
by the projectile alone with its normal pay-
load, or an increase in the projectile ve-
locityattargetimpact — in eachcase with no
decrease inthe mobility of the gun. The ad-
vantages and disadvantages of usingthe rock-
et-assisted projectile — particularly fromthe
standpoint of accuracy — are discussed in
Reference 7.

2-3 SOLUTION OF THE FIRE CONTROL
PROBLEM

2-3.1 GENERAL

The solution of the fire control problem
can be consideredto comprisethree distinct
phases:

1. Sighting and ranging (or tracking':)

2. Computation of firing data

As explainedin Chapter 3 which describesthe functional elements of fire control equipmentemployed in the solution of the fire con-
trol problem, the term "tracking" denotes the action of keeping target-locating equipment continuously pointed at a moving target.
Sighting and ranging, on the other hand, denotes the action of determining the position and range of a stationary target with respect

to the weapon.
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3. Application of firing data.
Each of thesethree phases is treated, in
turn, in the remainder of this chapter.

2-3.2 SIGHTING AND RANGING
2-3.2.1 General

Thefirstrequirementin solving any fire
control problem is to continually locate the

target with respect to the weapon. This re-
quirement is satisfied by the use of sighting

.

T~

. \\:'-j'mi
\i: \%‘3_&:_.3:_

and ranging procedures as described in para-
graphs 2-3.2.2 and 2-3.2.3.

Targetlocation is usually established in
spherical polar coordinates in an earthrefer-
enceframe. Figure 2-23 shows how the tar-
get is located with respect to the weapon by
this method in atypical antiaircraft fire con-
trol problem. Thelineof site between weap-
on and target is established when the target's
azimuthangle A, and elevation angle E, are
determined. The third required element of
data is the target's slant range D, When

PRESENT
TARGET
POSITION

WEAPON
STATION

DEFINITIONS:
X(E) X AXIS OF THE XYZ REFERENCE COORDINATE FRAME
(DIRECTED TOWARD GEOGRAPHIC EAST)
Y(N) Y AXIS OF THE XY Z REFERENCE COORDINATE FRAME

(DIRECTED TOWARD GEOGRAPHIC NORTH)

(NOTE THAT THE Z AXIS THAT COMPLETES THIS REFERENCE COORDINATE
FRAME , ALTHOUGH NOT SHOWN IN THE ILLUSTRATION, IS DIRECTED
UPWARD FROM THE ORIGIN, AT THE WEAPON STATION, INA VERTICAL

ORIENTATION)

X, TARGET DISTANCE COMPONENT ALONG THE X AXIS  FOR TARGET
TARGET DISTANCE COMPONENT ALONG THE Y AXIs| SN
) TARGET HEI GHT ABOVE THE HORIZONTAL XY PLANE ) 'TO
A TARGET AZIMUTH ANGLE; MEASURED CLOCKWISE
° FROM TRUE NORTH, THAT IS, FROM THE Y(N) AXIS
E, TARGET ELEVATION ANGLE WITH RESPECT TO THE HORIZONTAL
D, TARGET SLANT RANGE
R PROJECTION OF THE SLANT RANGE D, ,TO THE PRESENT

Figure 2-23.

TARGET POSITION To' INTO THE HORIZONTAL XY PLANE

Reference coordinate frames for locating the target

with respect to the weapon station.
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there is relative motion between the weapon
and the target, the target must be "tracked"
to determine the rates of change of these
threebasic elements of data — azimuth, ele-
vation, andrange — inorderthatproperleads
may be computed.

Figure 2-23 also indicates two alternate
coordinate systems (alsoin an earth refer-
ence frame) that are used for establishing
the location of a target with respect to a
weapon:

1. Intherectangular coordinate system,
the mutual orthogonal distance vectors Xg,
Yo, and Hg fix the target. (Note that the pos-
itive directions for the X- and Y-axes are
East and North, respectively.) The rectan-
gular coordinate systemis used in many auto-
matic data computers, the raw data being
obtained in polar coordinates and the data
computer converting it either electrically or
mechanically to rectangular coordinates and
then solving for firing data.

2. A second alternate system uses the
quantities Ay, Rg, and H,. This system is
used when the target-position data is mea-
sured from maps.

Additional methods for locating the tar-
get for particular fire control applications
would be in terms of the other coordinate
reference frames discussed in paragraph
2-2.6.1.

2-3.2.2 Sighting

There are two general ways of sighting
on a target:*

1. The direct laying method which is
associated with direct fire control (see par
1-1.3.1).

2. The indirect laying method which is
associatedwith indirect fire control (see par
1-1.3.2).

The direct laying method is used when
thetarget can be sensed — via optics, radar,
etc. = directly from the weapon. The sim-
plest means is to mount a front and a rear
sight on the weapon, adjust their alignment
so that the sight line is parallel to the axis
of the bore (the weapon line), and then move
the weapon in elevation and azimuth until the

sights are aligned with the target. For rifle
fire, the range would, of course, be estima-
ted and setonthe sights before actually sight-
ing on the target. For larger caliber guns,
for which various forms of optical sights
might be used (see pars 1-2.4.3 through 1-
2.4.3.5 of Chapter 1), the sighting would be
maintained during the period that the sight
was being adjusted for the actual conditions
of the fire-control situation, i.e., the target
range and the angle of site.

Theindirectlaying method is used either
when the target cannot be sensed directly
from the weapon or when remote control is
employed. This method requires that the
azimuth and angular elevations of the line
of site be determined by some independent
means such as map data or a remote obser-
vation post. If the weapon is equipped with
calibrated and oriented angle-measuring de-
vices similartothose on a surveyor's trans-
it, it can be laid on the target's azimuth and
angular elevation, and the weapon line ex-
tended would intersect the target.

From the foregoing, it can be seen that
direct sighting is the simplestsince it is only
necessary that the sights be capable of being
aligned with the weapon line. In the indirect
sighting method, the sights must not only be
capable of being aligned with the weapon line
but they must alsobe capable of being leveled
and oriented on the same reference — grid
north, magnetic north, an aiming stake, the
longitudinal axis of an aircraft, etc. — as that
on which the target-angle data were based.
Thelatter sighting system is obviously more
complex, and subject to error and time lag
in functioning. However, it is more flexible
and capable of engaging unseen as well as
visible targets.

As discussed in Chapter 1, the means
for sighting on atarget include simple mech-
anical sights, various types of optical sights,
radar, active infrared viewing devices, and
various types of passivenight sighting equip-
ment. Radar is particularly well suited for
tracking moving targets — where ground clut-
ter is not a problem - because automatic
tracking capability can be readily designed
into the tracking equipment.

*
It should be noted that, in general, sighting on atarget (locating the target with respect to the weapon)differs from aiming the weap-
on, which (see par 2-3.3.4) can take place only after the target has been located (and tracked, if moving) and firing data has been

computed.
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2-3.2.3 Ranging

Target ranges are sometimes obtained
by visual estimationof range as, forexample,
inthe case of rifle fire or machine gun fire.
Although rangefinding for tankfire once also
depended on visual estimation, it now utilizes
more sophisticated range-findingtechniques.
Asdiscussed inparagraph 1-3.2, these tech-
niques includethe use of opticalrange finders
of both the coincidence type and the stereo-
scopic type. In addition, promising effort is
now being directed toward the development
of laser range finders.

For field-artillery fire, optical range
finders remain the primary means of ranging,
with conventional spotting techniques used to
correct for inaccuracies of fire. Map data
arcalsoused when applicableto thefire con-
trol situation at hand. Laser range finders,
however, are also being developed for the
ranging required with field-artillery fire
control.

For antiaircraft-artillery fire, radar
ranging is the accepted method of ranging,
particularly because of the automatic-track-
ing capability of radar.

2.3,3 COMPUTATION OF FIRING DATA

With thetarget's position data known (or
with tracking data available in the case of a
moving target), the next step is to solve the
completefire control problem involved, uti-
lizing the weapon's known ballistic perfor-
mance data and correcting the standard bal-
listic data to allow for non-standard meteo-
rological, ammunition, or weapon conditions.
Theobjectivesare firing azimuth, firingele-
vation (or their equivalents in whatever co-
ordinate system is used, see par 2-3.2.1),
and, when applicable, time of flight. Four
general cases exist:::'

1. Weapon and target both stationary

2. Weapon stationary andtarget moving

3. Weaponmoving andtarget stationary

4. Weapon and target both moving.

2-3.3.1 Weapon and Target Both Stationary

In 'this case, only the present-position

dataof the targetneed be known and the solu-
tion of the ballistic problem is relatively un-
complicated. A firing table or — in the case
of certain short-range weapons such as a
rifle, a mortar or a tank gun - calibrated
sights (seec Fig. 2-24) are allthat are neces-
sary to provide the necessary firing data.

2-3.3.2 Weapon Stationary and Target Mov-
ing

Here, as in duck shooting, it iS neces-
sary to "lead" the target and the present-
positiondata is used to determine the future
position of the target based upon the rates
of change of present- positiondata. Inshort-
range, direct-fire weapons, kinetic lead is
frequently estimated as a function of range
(and hence time of flight) and target speed.
Figure 2-24 shows the sight reticle pattern
usedwith a tank gun where one lead line gives
a 5-mil lead.

For more-accurate weapon fire, there
are two general types of prediction proces-
ses that can be used by computers fordeter-
mining kinetic lead:

1. The angular-rate-of-travel method

2. The linear- speed method.

Theangular-rate-of-travel method gives
the fastest solution. In Figure 2-25, it can
be seen that if the weapon is fired when the
target is at point Ty, by thetime the projec-
tile arrives there, the target will be at T,
the predicted futuretarget position. Consig—
eringazimuth only, if the time of flight tothe
predicted future target position Tp is known
(this time ofé‘lgght is designated tp), thenthe

product tP X ?t-will approximate theneces-

sary kinetic lead correction. The computer
obtains t, as a function of present- position
data (i.e., Ay, Do, and Ey), measures the rate
of change of Ag by measuring the angular
rate of tracking in azimuth, and multiplies
them to obtain the azimuth component of ki-
netic lead. Using stored ballistic data, the
computer then adds the necessary drift and
windage corrections, and arrives at Ag, the
firing azimuth. A similar process that uses
elevation-tracking-rate data and addsa cor-
rection for the effect of gravity obtains

For specific examples, see Part III of Section 3 of the Fire Control Series.
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(A) Bore-sight cross and range lines
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(B) Deflection-lead lines
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TYPE OF
AMMUNITION

{C) Completed sight reticle

Figure 2-24. A calibrated sight such as used on a rifle, a mortar, or a tank gun.

Q. E., the quadrant elevation.

dE
d_;;g and ﬂtﬁ arescldomconstant and tp is

Inasmuch as

not equaltoty, the time of flight to the pres-~
ent target position, it can be seen that this
solutionis only an approximation. It is suit-

2-34

able for short-range fire with automatic
weapons against high-speed targets, .being
rapid and relatively simple in the mecha-
nisms required. The volume and dispersion
pattern of automatic weapons fire compen-
sate for the errors resulting from approxi-
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WEAPON .
STATION - K(E)
DEFINITIONS:
X(E) X AXIS OF THE XYZ REFERENCE COORDINATE FRAME

(DIRECTED TOWARD GEOGRAPHIC EAST)

Y AXIS OF THE XYZ REFERENCE COORDINATE FRAME
(DIRECTED TOWARD GEOGRAPHIC NORTH)

(NOTE THAT THE Z AXIS THAT COMPLETES THIS REFERENCE COORDINATE
FRAME, ALTHOUGH NOT SHOWN IN THE ILLUSTRATION, IS DIRECTED
UPWARD FROM THE ORIGIN, AT THE WEAPON STATION, IN A VERTICAL
ORIENTATION)

Y(N)

Al TARGET AZIMUTH ANGLE; MEASURED CLOCKWISE FROM
TRUE NORTH , THAT IS , FROM THE Y{N) AXIS
E TARGET ELEVATION ANGLE WITH RESPECT TO THE
o HORIZONTAL
DO TARGET SLANT RANGE
A FIRING AZIMUTH; MEASURED CLOCKWISE FROM TRUE
f NORTH
Q.E QUADRANT ELEVATION

Figure 2-25. A stationary weapon firing at a moving target, using the

angular-rate-of-travel method of prediction.

mation of angular rates.

The linear-speed method is more exact
inits solution butis slowerand requires more
intricate, cumbersome ecquipment. In the
linear-speed method, the computer converts
Ao, Eg, and Dg, which are supplied as input
datafromthetracking system,to X, Y,, and
Hy (see Fig. 2-26).% The computer then
takesthefirstderivative of these values with

dXO dYO dHO
respect to time ~—g & and & and, by
multiplying them by the time of flight the pro-
jectile, obtains future position data, Xp, Yp,
and Hp. Thetime of flight used is the actual
time of flight to the future target position tp,
which the computer obtains by a successive-
approximation method. Using storedballistic
data, the computer then corrects for gravity,

See, for example, the similar computation described in paragraph 1-2.4. 8. 3 in connection with early mechanical directors.
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WEAPON

PRESENT
PREDICTED TARGET
FUTURE POSITION
TARGET T,
POSITION :

CTATIMAKI

DEFINITIONS:
X(E)

XIF\

X AXIS OF THE XYZ REFERENCE COORDINATE FRAME

(DIRECTED TOWARD GEOGRAPHIC EAST)

Y(N)

Y AXIS OF THE XYZ REFERENCE COORDINATE FRAVE

(DIRECTED TOWARD GEOGRAPHIC NORTH)

(NOTE THAT THE Z AXIS THAT COMPLETES THIS REFERENCE COORDINATE
FRAME, ALTHOUGH NOT SHOWN IN THE ILLUSTRATION, 18 DIRECTED
UPWARD FROM THE ORIGIN, AT THE WEAPON STATION, IN A VERTICAL

ORIENTATION)

X, TARGET DISTANCE COMPONENT ALONG THE X AXIS) ( FOR TARG
Y, TARGET DISTANCE COMPONENTALONG THE Y AXIIS,\ %gRoEsleTrl\lcgN
H TARGET HEIGHT ABOVE THE HORIZONTAL XY PLANE®
X, TARGET DISTANCE COMPONENT ALONG THE X AXIS'( \ FOR TARGET
Yo TARGET DISTANCE COMPONENT ALONG THE Y AXIS| | Egzﬁ’ﬁ%N
H TARGET HEIGHT ABOVE THE HORIZONTAL XY PLANE) [ 7p

R PROJECTION OF THE SLANT RANGE TO THE FUTURE

P TARGET POSITION T ONTO THE HORIZONTAL XY PLANE
A FIRING AZIMUTH, MEASURED CLOCKWISE FROM TRUE NORTH
Q.E QUADRANT ELEVATION

Figure 2-26. A stationary weapon firing at a moving target, using the
linear-speed method of prediction.

drift, wind and other meteorological and bal-
listic factors; delivers Af and Q. E.; and,
wherenecessary, fuze setting. The accuracy
ofthe linear-speed method is dependent upon
thetarget maintaining a constant course and
speed. It finds application with antiaircraft
guns and guided missiles.
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2-3.3.3 Weapon Moving and Target Station-
ary

Thisisthe complement of the preceding

case. Theproblemis similar to that of pre-

cision bombing or aircraft gunnery against
stationary ornear-stationary groundtargets,
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where negative kinetic lead angles are re-
quired. The angular-rate-of-travel and lin-
ecar-speedpredictionmethods are applicable
forthis caseaswellbut mustbe used in mod-
ified form.

2-3.3.4 Weapon and Target Both Moving

Thisisthemost complex of the four gen-
eral cases. However, it is very similar to
the preceding case of "weapon stationary,
target moving" in that it involves relative
motion between target and weapon. This
fourth case would apply to weapon fire at
moving targets from such Army vehicles as
helicopters and moving tanks. For this case,
the fire control problem is generally solved
by angular-rate-of-travelprediction for high
speeds. Forlowerspeeds, linear-speedpre-
diction can usually be utilized.

2-3.4 APPLICATION OF FIRING DATA

Having located the target and computed
the firing data, it is next necessary to aim
the weapons accordingly. Forsomeweapons,
this function is performed by the weapon's
sighting system. Sights are essentially angle-
measuring devices, calibrated for the ballis-
tics of the weapon and ammunition with which
they areused. Sightsareclassified as either
optical (glass sights) or mechanical (iron
sights). Figure 2-27 shows a simple ecleva-
tion sightingarrangement and its application
to laying a weapon in elevation. The paral-
lax can be ignored in most weapons, since it
is usually merely a matter of a few inches,
butitcanbe reduced by having the sight axis
depressed to converge with the gun axis at
some convenient range. (Fora complete dis-
cussion of the parallax problem and its solu-

e -==-SIGHIAXS _ . TARGET
- @(
- PARALLAX
. _ _GUNAXIs |
(A) Sight-setting for zero range
TARGET

(B) Sight setting for a range of --xi- yards

(required superelevation of ¢ mils)

TARGET

un

{C) Gun laid in elevation for a range of "x" yards

Figure 2-27.

The use of a simple sighting arrangement for laying a weapon in elevation.
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tion, see Reference 13, which forms part of
the Fire Control Series.)

Assumethat it is desired to hit a target
at a range of ''x" yards and that the firing
table shows that a superelevation of ¢ mils
is required to compensate for the effect of
gravity on the projectile during its time of
flight. If the sight axis is depressed ¢ mils
below the gun axis, then elevating the gun
until the sight is back on thetarget will place
the gun axis on the proper superclevation
angle ¢ with respect to the horizontal plane.
By properly calibrating the elevation sight-
ing controls interms of yards of range rather
than mils, it is possible to eliminate the
firirig-table steps, as is done in the cases of
the M1 Rifle, tank guns, etc. (see Fig. 2-24).
This is the procedure usually employed with
direct-fire weapons. Sights forindirect fire
weapons, on the other hand, such as mortars
and howitzers, are usually calibrated in
angularunits and, instead of usingthe line of
site to the target as a reference, refer to
somearbitrary aiming point, Seeparagraphs
1-2.4.2 through 1-2.4.3.5 of Chapter 1 for an
overall summary of sighting equipment that
has been developed during the 20th century.

Figure 2-24 shows the type of reticle
patternthat would be found in a tank- guntele-
scopic sight. The range reticles are marked
in hundreds of yvards; therefore. by placing
the 800-yard reticle on the target image, the
gun becomes elevated to the proper super-
elevation necessary to carry that distance.
Similarly, drift, windage, and kinetic lead
corrections for movingtargets are applied by
aligning the target on the proper horizontal
lead line. The same sight may thus be used
for both azimuth and elevation, although on
larger caliber weapons separate sights may

be used for functional ease. Again, instead
of using the target foran aiming point, an
arbitrary aiming point such as north, a ter-
rain feature, or the like may be used in in-
direct firing. In all cases, the basic re-
quirement is that the sighting system be
orientedon the samereferencesusedtocom-
pute firing data, and that it be capable of
positioning the weapon on the proper hori-
zontal and vertical angles, namely, the firing
azimuth Ay and the quadrant elevation Q. E.

Many weapons, particularly aircrafttur-
rets and antiaircraft guns, are positioned by
remote control. Their sightingand computing
equipment is located remotely fromthe wea-
pon and thefiring dataare transmitted, usu-
ally electrically, to the guns. Synchro elec-
trical systems are most commonly used for
this purpose. At the gun, servomechanisms
employ this electrically-transmitted firing
data to position the gun. Remote-control
systems offer the advantages of smoother,
more-accurate tracking rates against high-
speed targets. They also permit mounting
weapons in locations where optimum fields
of fire may be obtained but which could not
be utilized, because of either space or vul-
nerability considerations, if the gunner had
to be located there. Theirdisadvantages are
mainlyin their complex operating machinery
and the need for a power supply.

Note: As indicated inthe introductionto this
chapter (see par 2-1), the broad scope of the
preceding discussionconcerning the solution
of the fire control problem is intended to
supplement the more-detailed information
presented in subsequent chapters of Section
1 and in Sections 2, 3, and 4 of the Fire Con-
trol Series.
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Appendix 2-1. Summary of the mathematics associated with the exterior ballistics of a
projectile.

Elements of a Trajectory

VERTICAL
JUMP

ANGLE
v | QUADRANT ANGLE
% , OF DEPARTURE &
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>._
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|
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w L\ANGLE OF SITE
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l
l
I

END OF
TRAJECTORY

Definitions Associated with a Trajectory

Trajectory -- the curve in space traced by the center of gravity of a projectile in its
flight through the air.

Origin of Trajectory -- the position of the center of gravity of the projectile at the
instant it is released by the projecting mechanism.

End of Trajectory -- the position of the center of gravity of the projectile when it
bursts or encounters some medium other than air.

Line of Departure -- the tangent to the trajectory at its origin.

Quadrant Angle of Departure -- the angle that the line of departure makes with the
horizontal.

Plane of Departure -- the vertical plane that includes the line of departure. Tpjs
plane is also known as the plane of fire. In this plane lie the X (horizontal)
and Y (vertical) axes of the coordinate system used in the computation of
trajectories; the Z axis lies in the horizontal plane and is perpendicular to the
plane of departure.

Line of Elevation -- the extension of the bore axis of the gun.

Vertical Jump Angle -- theangle betweenthe line of elevation and the line of departure
ofthetrajectory. (This angleis includedin the diagramforreference purposes
only,to remind the reader that the projectile departs from the weapon along a
line that differs fromthe bore axisof the weapon as a result of jump. A g indi-
cated by the mathematical development contained in this table, jump is not
accounted for in the differential equations of projectile motion.)
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Angle of Elevation -- the angle between the line of site and the line of elevation.

Quadrant Elevation -- the angle of the line of elevationwith respect tothe horizontal.::

Angle of Site == the angle of the line of site with respect to the horizontal.::
Mathematical Description of a Traiectorv

A trajectory can be completely described by specifying the instantancous X, y, and z
coordinates of the projectile's center of gravity in the X, ¥, Z coordinate system at any
time t after release of the projectile by the projecting mechanism. The trajectory starts
at the muzzle of the gun, which is the origin of the X, ¥, Z coordinate system. Att = 0,
as the projectile leaves the muzzle along the line of departure, the X, y and z coordinates
of the projectile are zero; i.e., Xpo = yo = Zop = 0. From that point on, the X, y and z co-
ordinates are influenced by the earth's gravitational field and the aerodynamic forces
acting on the projectile as it passes through the air in accordance with the following mathe-
maticalrelationships (which areall based on the relationships that the net force acting on
a body is equal to the product of the mass of that body and its acceleration):

d2
x .
Fx=m—2—-=mx=— X+Lx "
dt
d2
Fy=m-—;=my=—Dy+L -mg (2)
dt
d2
F,=m ;=m2=-DZ*LZ (3)
dt

where, as shown in the accompanying sketch,
X, vy, E = components of projectile acceleration along the X, Y, and Z directions
F, Fy, F, = components of the total force acting on the projectile along the X, Y,

and Z directions

D, Dy, D, = components of drag acting on the projectile along the X, Y, and Z
directions
Ly, Ly, 1. = components of the crosswind force acting on the projectile along the
X, Y, and Z directions
m = {}nvass of the projectile
g
g = acceleration due to gravity

W = weight of the projectile
X, 9, Z = coordinates along the X, Y, . and Z directions at any time t.

For agiven projectile shape, empirical relationships for the drag D and the crosswind
force L acting on the projectile can be expressed as follows:

D -Kp pd? u? (4)

LI | pd2 u2 sin & ()

*
Thehorizontal plane providesa convenient reference plane from which tomeasure vertical angles and is used as the basis of applica-
tion of the various types of quadrant-laying devices discussed in Chapter 1.
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INSTANTANEOUS POSITION OF

PROJECTILE ON ITS TRAJECTORY
e X AXIS
e N e e e e =
~
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N\
TRAJECTORY \
\
N

'Fy=“m§'“DY+L - mg \,\

vhere, in a consistent set of units,

d = diameter of projectile, meter

p = density of air, g/meter3

6 = angle of yaw, degrees or rad

u = projectile velocity relative to air, meter/sec
Kp = drag cocfficient, dimensionless™

Ky, = crosswind force coefficient, dimensionless:::
Both Kp and K, arefunctions of pud/p (the Reynolds number), u/a (theMach number), and
}, where

a = speed of sound in air, meter/sec

(. = viscosity of air, g/meter-sec
Inasmuch as Kp and Ky, also vary with projectile shape and position of the center of gravity,
>xtensive experiments are conducted at proving grounds to determine the effect of these
variables on Kpy and K.

The complete set of differential equations describing projectile motion, given by
solvings Eqs. 1, 2 and 3 for X, ¥, and %, is as follows:

_Dx+Lx
x= —> X (8)
m
-D +L
= y ¥ . (7)
Y m g9
-D_+L
s = z z (8)
m

These coefficients in the ballistic system (which are usually denoted by the letter K with an appropriate subscript) can be converted
into the corresponding C-notation aerodynamic coefficient slopes of National Advisory Committee on Aeronautics (N. A. C. A ) ter-
minology (or directly into those coefficients that are not functions of yaw) by multiplying the ballistic-system coefficient by 8/7.
For a more-detailed discussion of this matter, together with specific examples of usage and variations in usage, see Reference 7 which
employs the N. A, C. A, notation, i.e., the letter C with appropriate subscripts.
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where the x, y, and z components of D and L. can be determined by the application of ap-
propriate direction cosines to the drag and lift expressions given by Eqgs. 4 and 5.

During past centuries, hand- computational methods of solving differential Equations
6 through 8 for explicit functions of x, y, and z have resulted in extremely lengthy cal-
culations. Accordingly, the solution has been traditionally handled by such approximate
methods as the Siacci method, a discussion of which can be found in any standard text
book on ballistics and by such more exact but laborious methods as the short-arc method
and the numerical integration method®. The development of high-speed digital computers#*,
however, has now progressed to a state where a different numerical-integration approach
to the trajectory problem can be economically employed.

The differential equations of motion that are most commonly employed by high-speed
computers are based on the Point-Mass theory and are exemplified by the following set:

X=-E(x—wx)+)\]§l (9)

y=-Ey-g-hx (10)
z=-E(z-w) th3y +Apx (11)

where, in a consistent set of units:f

Wxs Wy = range-wind and cross-wind components of wind velocity in metersper
second after conversion from knots, the units in which wind velocity is
usually measured (the wind velocity is assumed to be horizontal, sothat
the y component is negligible).

A1, 22, A3 = components of the ecarth's angular velocity in radians per second (these
components vary in accordance with the geographical latitude of the gun
positionand the azimuth of the gun; the A product terms are included to
account for the coriolis force due to the earth's rotation).

p u Kp(M)
E = resistive function of the formT
g = go (1-2y/r), meter/sec?
20 = constant = 9.80665 meter/sec?
Y = altitude above the earth's surface, meter
T = earth's radius, meter
C . _W_2 - s ,g/meter2

id®  1d?

= a ballistic coefficient that indicates the relative air resistance of the
projectile (the larger the value of C, the less the retardation due to air
resistance); itis expedient to use slightly different values for C for dif-
ferent sections of the trajectory

W = weight of the projectile, g
d = diameter of the projectile, meter
i = a dimensionless empirical factor, called the "form factor", that com-

pares the dragcoefficientof the particular projectile under consideration,
ata given velocity, withthatof anarbitrary standard atthe same velocity.

Kp(M) = dimensionless drag coefficient, that varies as a function of the Mach
number M of the projectile

E3
Begun during World War 11 in connection with the trajectory problem; see Par 1-2.4.9.

TAny system of units can be used, of course, provided they are consistent. Since the metric system is becoming the common system,
it has been used inthe present example. Because of the magnitude involved, the metric unit of distance employed is the meter,
rather than the centimeter of the conventional cgs system.
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M = Mach number of projectile = &
o

= absolute density, g/meter3; $aries with altitude in accordance with the
atmospheric standard chosen. For the Ordnance Standard Atmosphere
p = poehy, where po and h areconstants, y is altitude and ¢ is the base
of natural logarithms = 2.7183. The I. C. A. O. Standard Atmosphere is
the current standard for U. S. and NATO. use. (See U. S. Extension to
I. C. A. O. Standard Atmosphere, published by the U. S. Dept. of Com-
merce Weather Burecau, Washington, D. C., 1958))

U = projectile velocity relative to air, meter/sec

a = speed of sound in air, meter/sec

It is apparent that the equations of motion given by Eqs. 9 through 11 can account for
the effects of both range wind and crosswind and the Coriolis force due to the earth's
rotation, in addition to the effects of gravity and aerodynamic drag forces.

For a discussion of how Eqs. 9 through 11 are employed in the production of firing
tables for fire-control purposes, see Reference 3. Figure 3-11therein provides a flow
chart for the computation of firing tables.

Firing tables supply the necessary data for the correct aiming of weapons. Since
firing tables apply to particular projectiles, it is necessary that test firings be obtained
for each round in order to obtain applicable values of the ballistic coefficient C. For ex-
ample, the ballistic reductions of the range firing data on the projectile, HE, M106 (used
for the 8-inch Howitzer M2, M2A1 and M47) conducted at Aberdeen Proving Ground,
Maryland produced the following ballistic coefficients which were used in the computation
of the firing tables:14

Charge
Elevation 1-4, 5
(mils) 6 and 7
0-800 3.255 3,323
900 3.229 3.297
1000 3.153 3.221
1100 3.025 3.093
1200 2.846 2.914

Firing tables are predicated on standard conditions (arbitrarily chosen conditions of
weather, location, and material) that, individually, are physically possible. Wherever
practicable, corrections to be applied for variations from these standard conditions are
tabulated. For example, Firing Tables FT8-J-2 previously referenced provide the fol-
lowing corrections:

1. Corrections to azimuth to compensate for drift. (Although a standard trajectory
has drift, it is assumed, for simplicity, that drift is a deflection effect: any condition caus-
ing the shell to depart from the plane of fire is considered as a deflection effect.)

2. Corrections to azimuth to correct for crosswind.

3. Correctionstoelevation tocorrect for change in projectile weight fromthe standard
weight,

4. Corrections to elevation to compensate for an increase or decrease in muzzle
velocity from the standard velocity.

5. Corrections to elevation to compensatefor an increase ordecrease in ballistic air
Temperature from the standard temperature.

6. Corrections in elevation to correct for ballistic head and tail winds.

7. Corrections in elevation to Compensate for an increase ordecrease inballisticair
density.

8. Corrections in elevation to compensate for the rotation of the earth.
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CHAPTER 3
FUNCTIONAL ELEMENTS OF FIRE CONTROL EQUIPMENT
EMPLOYED IN THE SOLUTION OF THE FIRE CONTROL PROBLEM

3-1 INTRODUCTION

Fire control equipmentis any equipment
used toassistin fire control operations, that
is, operations concerned with the solution of
fire control problems. As discussed in
Chapter 1, such equipment is sometimes
classified according to its physical location
withrespect to the weapon as "on-carriage"
or "off-carriage" equipment, where the word
"carriage" refers to the weapon and its
mount. Some weapons have sufficient on-
carriagefirecontrol equipment to aim them,
but the position-finding and data-computation
phases of fire control operations are per-
formed by off-carriage equipment. When
such a fire control system is considered in
its entirety, however, itis referred to as an
off-carriage fire control system. Some
weapons, onthe otherhand, have all (or sub-
stantially all)their fire control equipment on
carriage. Thisisthe case for some aircraft
gunturrets, certainmedium-caliber antiair-
craft weapons (see Fig. 3-1, for example:::),
and such direct-fire weapons as tank and
antitank weapons. Such systems are known
as on-carriage fire control systems. On-
carriage fire control equipment is usually
specialized in construction; that is, any one
item of equipment can usually be employed
with only a particular weapon. Off-carriage
fire control equipment, on the other hand,
can generally be used with several different
weapons.

Fire control equipment can also be
classified in accordance with the particular
functionit is designedto perform in the over-

all fire control system. It is with this type
of classification of fire control equipment

that Chapter 3 is primarily concerned.
The discussionutilizes reference to so-

called functional diagrams. These diagrams,
which are also known as block diagrams or
data flow diagrams, canbe used torepresent
in graphic form operating systems of any
complexity. They have the advantage of
readily indicating (1)the major subsystems
and components of the system or equipment
under consideration and (2) the signal-flow
paths. By convention, the main direction of
signal flow through the system from inputto
output is usually drawn from left to right.
Foradetailed discussionof the various types
of functional diagrams, see Reference 1.

The following paragraphs of this chapter
describe and illustrate the various types of
functional elements found in fire control
equipment. Next, there are discussions of
the following related topics:

1. Factors associated with the inte-
gration of functional elements into fire con-
trol systems.

2.  Compatibility problems associated
with various types of operating elements.
The chapter concludes with examples of how
the various types of functional elements com-
bine to form particular types of fire control
systems.

It should be noted that the information
presented in this chapter is of a background
nature. Fordetails on particular aspects of
fire control equipment, the reader should
consult the sections of the Fire Control Series
referenced in par 3-2.

The examples employed in this chapter have been selected solely to illustrate the various kinds of fire control equipment discussed;
no attempt has been made to illustrate the most up-to-date equipment.

3-1
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SIGHTING SYSTEM

PERISCOPE

TARGET SELECTOR

LOADER RA ER

B\
N L CABLE SYSTEM

Figure 3-1.

75 MM GUN

RECOIL MECHANISM

RADAR TRACKER

The Skysweeper antiaircraft weapon system, which employs an

essentially on-carriage fire control system.

3-2 TYPES OF FUNCTIONAL ELEMENTS
EMPLOYED IN FIRE CONTROL
SYSTEMS

The functional elements into which the
most complex fire control system conceiva-
ble can be divided are considered to be as
follows:

1. An acquisition element.

A tracking element.

A ballistic-data element.

A predicting element.

An arbitrary correction element.
A compensating element.

A pointing element.
Data-transmitting elements.

A fuze-setting element.

10. A command element.

It should be noted that as the complexity of
fire control systems decreases, so usually

N=R¢ N Be\ NNV I NV I )
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does the number of functional elements, In
the simple case of small arms, for example,
the functional elements have all but disap-
peared, as far as their being representative
of actual equipment is concerned. All that
exists inthe form of fire control equipment
is a set of sights, which can be reasonably
conceived, from the functional viewpoint, as
a combined trackingand pointing element (see
par 3-3.2). Allotherfunctional elementsre-
quired are incorporated in the human being
who is firing the weapon.

The functional arrangement of these
various types of functional elements to form
a complete fire control system is shown in
Fig. 3-2. Asindicated by this figure, certain
functional elements can be logically grouped
together toformthree functional subsystems
of the complete fire control system, while
other functional elements serve as connecting
elements for these subsystems.



AMCP 706-327

FIRE CONTROL COMPUTING SYSTEM
(COVERED IN SECTION 3 OF THE FIRE CONTROL SERIES)

M T ]
INFORMATION ,
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DATA ! ELEMENT
COMMAND ELEMENT - | | ecement | + {COVERED IN SECTION -
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A
ACQUISITION AND TRACKING SYSTEM | BAT | | WEAPON POINTING SYSTEM
(COVERED IN SECTION 2 OF THE FIRE CONTROL SERIES} | | (COVERED IN SEOTON 4 OF THE FIRE CONTROL SERIES)
INITIAL i I | i ; -]
TARGET- l FIRM II ) | CORRECTED “SATED AIMI NG
LOCATIOM TARGET-LOCATION i TARGET | FIRING | HIRING FIRING OF
INFORMATION | | AcQUISITION DATA | TRACKING | DATA po| PREDICTING | DATA ARBITRARY | DATA COMPENSATING [ DATA POINTING WEAPON
__l.'l ELEMENT ELEMENT ' , ELEMENT P COFRECTION i | ELEMENT ELEMENT —4——.‘
] L . S - ]
VARIATIONS FROM INITIAL CONDITIONS; SPOTTING CORRECTIONS
AN N
//F\ //P‘ VRN | //P\ //P
! l
| | | DATA- ! |
| } | TRANSMITTING ! l
ELEVENTS _ | ‘
L_______ , ____________l________ INTRODUCED
BETWEEN
ELEMENTS | f«————— (COVERED IN SECTION 2 OF TI+€ FRE CONTROL SERIES)
AS REQURED |
L
Figure 3-2. Functional diagram of a hypothetical fire control system that

contains all of the functional elements associated with fire control equipment.
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The three functional subsystems are the
following:

1. The acquisition and tracking sys-
tem. (This subsystem is covered in detail
in Section 2 of the Fire Control Series.)

2. Thefire control computing system.
(Thissubsystem is covered in detail in Sec-
tion 3 of the Fire Control Series.)

3.  'The weapon-pointing system. (This

subsystem is covered in detail in Section 4
of the Fire Control Series.)
The first system noted encompasses all
equipment used for observing and determi-
ning the position of the target, and tracking
the targetif eitheritor the weapon is in mo-
tion. The second system pertains to all data-
computation equipment. The third system
relates to all equipmentused in the applica-
tion of firing data to the weapon itself.

3-2.1 ACQUISITION ELEMENT

The basic function of this element of a
fire control system is to acquire the target
(i.e. , todetectits presence by various means
and maintain the capability of continued ob-
servation) and provide initial information on
its position. Related functions areto identify
the target's nature (for example, size and
shape) and whether it is hostile or friendly
(via appropriate IFF equipment).

A typical example of an acquisition ele-
ment is the acquisition radar used in the type
of fire control systemthat forms an integral
part of certainantiaircraft-artillery weapon
systems. This acquisition radar works in
conjunction with a surveillance radar that is
considered to lie outside the bounds of the
weapon system proper and, hence, does not
comprise an element of the fire control sys-
tem. The surveillance radar has the functions
of maintaining a continuous air watch over an
area of land or water of primary significance
to the antiaircraft defenses. It supplies to
the antiaircraft artillery defense pertinent
information on all aerial targets, with suffi-
cient accuracy to localize them to a degree
that will permit transference to other more-
accurate radars of the antiaircraft defenses
and at a sufficiently longrange to enable the
outermost firing elements to engage the tar-
gets at maximum range. The acquisition

radar is a radar of shorter range but of
greater accuracy than that of the surveil-
lance radar. I[tsnormalfunctionisto acquire
targets on direction from a surveillance
radar (orby independent searchunder certain
circumstances) andtotransfer these targets
to the tracking radar.

The acquisitionelementisusually mech-
anized inafire control system as part of the
acquisition and tracking system (see Fig.
3-2). Designinformation relaiingto this type
of element therefore appears in Section 2 of
the Fire Control Series.

3-2.2 TRACKING ELEMENT

The basic function of this element of a
fire control system is to continuously track
the target once it has been acquired and the
tracking equipment has been locked onto the
target, and to generate tracking data that
represents the position(range, elevation and
azimuth), the relative speed, and the direc-
tion of relative motion of the target with re-
spect to the weapon.

For the situation in which there is no
significant relative motion betweentarget and
weapon, the term "sighting and ranging' is
more applicable than the term "tracking".
Tracking denotes the actionof keepingtarget-
locating equipment (radar, optics, etc. ) con-
tinuously pointed at amovingtarget. Sighting
and ranging, on the other hand, denotes the
action of determining the position of a sta-
tionary targetinterms of the direction of the
line between weaponand target and the range
between weapon and target. (See also par
2-3. 2 of Chapter 2.)

A typical example of a tracking element
is the tracking radar that would be used in
conjunction with the acquisition radar whose
function in an antiaircraft-artillery weapon
systemisdescribedinpar 3-2. I. The track-
ing radar used in such a weaponsystem has
a higher order of accuracy than either the
surveillance radar or the acquisition radar.
It has the function of supplying accurate po-
sition data on aerial targets, so that the re-
quiredrange and rate datacanbe obtained for
gun-layingpurposes. (Itshouldbe noted that
for some applications the acquisition and
tracking functions can be carried out by the
samepiece of equipment. Anexampleof this
is an acquisition and tracking radar, which

3-5
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is a radar set capable of lockingontoa strong
target signal and thentrackingthe target that
is emitting the signal.)

The tracking element is usually mech-
anizedinafire control system as part of the
acquisition and tracking system (see Fig.
3-2.) Therefore, for design information re-
lating to this type of element, see Section 2 of
the Fire Control Series.

3-2.3 BALLISTIC-DATA ELEMENT

The basic function of this element of a
fire control system is to supply to other
functional elements of the system such data
regarding the standard trajectory of the
particular projectile and weapon concerned
as may be required for them to perform
their own particular functions. (SeeChapter
2 and references noted thereinfor source in-
formation relating to standard projectile
trajectories. )

A typical example of a ballistic-data
element is that portion of a complex fire con-
trol computer that stores standardtrajectory
data for the particular weapon system con-
cerned. This data is usually stored as a
function of target range and target elevation.

The ballistic-data element is usually
mechanized in a fire control system as part
ofthe computing system (see Fig. 3-2). De-
sign information relatingto this type of ele-
ment therefore appears in Section 3 of the
Fire Control Series.

3-2.4 PREDICTING ELEMENT

The basic function of this element of a
fire control system is to continuously com-
pute -- basedon data provided by the track-
ingandballistic-data elements -- the direc-
tion in which the weapon must be aimed in
order to score hits on the target.

For a target that is stationary with re-
spect to the weapon, the computation must
take into account the various forces acting
ontheprojectile duringits flight to the target
position and also the jump effects that can
causethe initial projectile velocity direction
to differ fromthe direction in which the weap-
onisfired. (Anyerrorsthatmay result from
variations from standard conditions present

3-6

atthe time of firing canbe corrected by means
of the arbitrary correction elementdescribed
inpar 3-2.5.) Foratargetthat is moving, a
futuretargetpositionmust be calculated that
takes into account target motion during the
period in which the projectile is in flight.
This establishes a future target position and
the future line of site to that position. The
computations associated with weapon fire on
a stationary target must then be applied to
fire against the future target position.

A typical example of a predicting ecle-
ment is that portion of a complex fire con-
trol computer that takes the information
supplied by the tracking element and the
ballistic-data element and derives data for
positioning the weapon,

The predictingelement isusually mech-
anized in a fire control system as part of the
computing system (secFig. 3-2). Therefore,
fordesigninformationrelatingto this type of

clement, sce Section 3 of the Fire Control
Series.
3-2.5 ARBITRARY CORRECTION ELE-

MENT

The basic function of this element of a
fire control system is to introduce into the
output of the predicting element either or
both of the two following types of corrections:

1. Corrections required because the
actual conditions present at the time offiring
departfromthe standard conditions onwhich
the data supplied from the ballistic-data ele-
ment are based.

2. Spotting corrections based on ob-
servation of actual weapon fire.

A typical example of an arbitrary cor-
rection element used for the first type of
correction noted is the means through which
changes in initial projectile velocity are de-
termined and introduced into the fire control
system. The spotting boards used in con-
nection with artillery fire exemplify the
second type of correction element.

The arbitrary correction element is
usually mechanized in a fire control system
as part of the computing system (seeFig.
3-2). Design information relating to this
type of element therefore appears in Section
3 of the Fire Control Series.
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3-2.6 COMPENSATING ELEMENT

The basic function of this element of the
fire control systemisto correctfor any mo-
tion of the system's mechanical reference
framesfromthebasic coordinate frame used
for computing purposes. Sucha compensating
element would be required, for example, be-
tween the computing systemand the weapon-
pointing system if the coordinate system used
by the computing systeminderiving the firing
data required foraiming the weapon differed
from the mechanical reference frame asso-
ciated with the manner used to orient the
weapon. Anauxiliaryfunctionwould be incon-
nection with parallax correction.

The compensating element is considered
in the Fire Control Series to be mechanized
in the fire control system as part of the
weapon-pointing system (see Fig. 3-2).
Design information relating to this type of
element therefore appears in Section 4 of
the Fire Control Series.

It should be noted that the compensating
element could just as logically be considered
tobe part of the computing system. Further,
a compensating element may also be needed
between the acquisition and tracking system
and the computing system, should the mech-
anical reference frame associated with the
manner used to track the target differ from
the coordinate frame used by the computing
system.

Detailed information on compensating
elements is given in Reference 2 which is
specificallydevoted to this one subjectalone.

3-2.7 POINTING ELEMENT

The basic function of this element of a
fire control system is to aim the weapon in
accordance with the firing data (e. g., azimuth
and elevation commands)that have been gene-
rated by the predicting element and modified
by the arbitrary correction element and the
compensating element.

A typical example of a pointing element
is a rocket launcher and the associated po-
sitioning drive mechanisms. This element
is considered tobe mechanized in a fire con-
trol system as the main element of the
weapon-pointing system (see Fig. 3-2).
Therefore, for design information relating

to such systems, see Section 4 of the Fire

Control Series.

3-2.8 DATA-TRANSMITTINGELEMENTS

The basic function of these elements of
afire control system is to transmit data be-
tweenother elements of the fire control sys-
tem that are located at some distance from
one another. Thefactthat data-transmitting
elements are often utilized at various points
in a fire control system is the basis for the
method chosen to represent these elements
in Fig. 3-2.

Various types of equipment are used to
accomplish the data-transmitting function.
One of the most accurate and reliable is the
well-known synchro system.

Design information relating to data-
transmitting devices appears in Section 2 of
the Fire Control Series, since it is in con-
nection with acquisitionand tracking systems
that aneed for data transmission is first felt
in the passing of information between the
several elements of a fire control system.

3-2.9 FUZE-SETTING ELEMENT

The basic function of this element of a
fire control systemisto set the time fuze of
a projectile when such a fuze is employed.
Use of time fuzes has now become quite un-
common; instead, proximity fuzes are usu-
ally employed.

Inasmuch as there is presently no de-
sign effort in connection with fuze setters,
nor any contemplated for the future, any
coverage on this element will be strictly for
historical interest.

For convenience, designinformationre-
lating to fuze setters is given in Section 4,
in connection with weapon-pointing systems.

3-2.10 COMMAND ELEMENT

The basic function of this element of a
fire control systemisto provide opportunity
forthe command functionto enter into opera-
tion of the fire control system. See par
3-3. 1.2 for an example of how this type of
functional element is employed.

3-7
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3-3 FACTORS ASSOCIATED WITH THE
INTEGRATION OF FUNCTIONAL
ELEMENTS INTO FIRE CONTROL
SYSTEMS

Asalreadynoted, allofthe various func-
tional elements represented inFig., 3-2 will
not usually be found in a given fire control
system. Thefactorsthatdetermine what ele-
ments comprise a particular fire control
system, and the complexity of the functional
arrangement, include the following:

1. The function of the weapon whose
fire is to be controlled.

2. The kind and size of weapon in-
volved.

3. The manner in which the weapons
involved are to be used (e.g., single-
purpose or multipurpose).

4. The degree of mobility desired for
the weapon involved.

5. The degreeto which human partici-
pation supplies some of the functional ele-
ments of a given fire control system.

6. The speed and accuracy require-
ments of the weapon system concerned.

The paragraphs which follow discuss
these factors in turn, and give examples
where appropriate.

3-3.1 THE FACTOR OF WEAPON FUNC-

TION

This is probably the prime factor in-
volved in determining what functional ele-
ments are going into a given fire control
system. Its effect can be seen by consider-
ing the two following examples:

1. The fire control systemfora field-
artillery weapon being used against a rela-
tively slow-moving target, such as a truck
convoy.

2.  The fire control system forananti-
aircraft weapon, which involves fire against
generally fast-moving targets.

*

For an example of a more -complex field-artillery fire control system employing automatic computation,
FADAC (Field Artillery Digital Automatic Computer) given in Chapter 13 of Section 3 (Fire Control Computing Systems).

3-3. 1.1 Field - Artillery Fire Control Sys-
tem Example

For a simple ficld-artillery fire con-
trol system,: the generalized functional dia-
gram shown in Fig. 3-2 would reduce to the
diagram shown in Fig. 3-3. Assumecthat an
effectively stationary target is first spotted
at an advanced observation post. The ac-
quisition element will then probably consist
of a pair of binoculars. The target-location
information required for the field-artillery
piece to be sighted on the target (a direct-
fire situation is being postulated) is trans-
mitted via a field-phone system, which com-
prises the data-transmitting element at this
part of the fire control system.

Using this information, the gunner uses
telescopic instrumentsto sight on the target,
thereby establishing the correct azimuth of
the gun. Rangedata is obtained by means of
one of the various types of range finders.
Since target motion is insignificant, the
tracking eclement of Fig. 3-2 can be con-
sideredtobe effectively replaced by a simp-
ler sighting-and-ranging clement.

Once the range has been determined,
this information is used by the gunner in
finding the required superelevation angle
from the firing tables (which constitute the
ballistic-data element), in accordance with
the particular types of gun and ammunition
being used. No separate prediction element
is required since the firing tables give all
the information that is needed for the fire
control problem under consideration.

The required superelevation angle is
achieved by the action of the gunner as he
employs the telescope reticle (which com-
prises part of the pointing element) to sight
on the target.

No command element is required since
no command function is associated with the
fire control problem concerned. No com-
pensating element is involved inasmuch as
the gun mount is usually levelled, and hence
gun clevation takes place in the same co-
ordinate frame in which the superelevation

FADAC is also discussed in general terms in par 1-3.4 of Chapter 1 of Section L
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angle is computed in establishing the firing
tables. Nofuze-settingelement is required
since projectile burst is usually obtained by
the use of either impact fuzes or proximity
fuzes, rather than time fuzes.

If necessary, the weaponfire can be ad-
justed by the application of spotting correc-
tions. This can be accomplished by the use
of flash-spotting instruments or simply es-
timated by eye, depending upon the circum-
stances. The equipment involved in this
operation constitutes the arbitrary correc-
tion element. The spotting corrections, in
mils, are applied to the drive controls by
the gunner.

3-3.1.2 Antiaircraft Fire Control System
Example

For this example, assumethat the anti-
aircraft weapon concerned is a fully-inte-
grated, automatic weapon such as the Sky-
sweeper antiaircraft system shown earlier,
in Fig. 3-1. The associated fire control
system consists of a director that contains
(1)a radar tracker, (2) a periscope, (3) a
sighting system, (4)acomputer, (5)a power-
control system, and (6) an off-carriage
target selector. Except for the last-noted
item, allofthe fire control equipment is on-
carriage equipment.

For this fire control system, the gene-
ralized functionaldiagram shown in Fig. 3-2
would reduce to the diagram shown in Fig.
3-4.

The acquisition element, in this ex-
ample, consists of the radar tracker which
can search for targets outtoa range slightly
in excess of 1.5 times the maximum hori-
zontal range of the weapon itself.

The tracking element isprovided by this
same radar tracker whichhasthe capability
of lockingontothedetected target and track-
ingitautomaticallyfrom arange of about 1.5
times the maximum horizontal range of the
weaponintoaminimum range of afew hundred
yards. Thus, theradartracker isanacquisi-
tionandtrackingradarthatcompletely satis-
fies the functional requirements of the ac-
quisition-and-tracking-system block shown
in Fig. 3-2.

If the automatic radar tracker is in-
operative, optical tracking can be accom-
plished by means of the periscope shown in

Fig. 3-1. In this type of tracking, the peri-
scope operator keepshisreticle on target by
moving ahandle-barunit that is mounted be-
low the periscope. Prisms in the periscope
are positioned accordingly, by means of
servos that are controlled by the motion of
the handle-bar unit.

Target data (which can be monitored on
the cathode-ray screens of the tracker con-
sole)aretransmitted electricallytothe com-
puter for its use in calculating the correct
azimuth and elevationforfiring the gun. The
electrical circuits involved constitute the
data-transmitting element employed between
the acquisition and tracking system and the
fire control computing system.

The computing system determines the
firing azimuth and the quadrant elevation by
means of (1)aballistic- dataelementthat pro-
vides standard-trajectory data, (2) a pre-
dicting element that accounts for target mo-
tion to determine future target position and
computes the required superelevation to hit
the target at that future position, and (3) an
arbitrary correction element that accounts
for such variables as air density, muzzle
velocity, trunnion tilt, and the wind.

The power control system, which con-
stitutes the weapon-pointing system, is an
electrically controlled hydraulic drive sys-
tem. The power-control components com-
pare present gun azimuth and elevation with
the values of firing azimuth and quadrant
elevation developed by the computer. The
differences are continually reduced to zero
by the operationof the azimuth and elevation
drivesinresponse to error signals from the
power-controlcomponents. No compensating
element is required since any trunnion tilt
that may be present is accounted for by the
computing system.

The target selector shown in Fig. 3-1
is a command element in the fire control
system. This selector is mounted on a tri-
pod and isused at a convenient location away
fromthe weapon. Withthisdevice, it is pos-
sible to survey the sky and horizonfor tar-
gets that might be overlooked by the radar
and periscope operators. When the target
selector is switched into the fire control
system and a target is chosen by the opera-
tor, dataonpresent azimuth and elevation of
the selected target are transmitted to the
weapon, for use by the radar and periscope
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operators, by means of a synchro system.
In addition, command signals to the power
drive system cause the weapon to slew in
azimuth and elevation until itis aligned with
the line of site to the selected target.

3-3.1.3 Comparison of the Selected Ex-
amples

Comparison of Figs. 3-3 and 3-4 shows
that, forthe particular examples chosen, the
difference in functional elements and their
functionalarrangementis considerable. This
difference stems largely fromthe basic dif-
ference in the functions to be performed.
Forexample, the factthat atarget engaged by
the antiaircraft fire control systemis moving
at considerable speed means that a tracking
element (to obtain the required target data)
and apredicting element (to account for tar-
getmotion duringthe projectile time of flight)
must be employed. For solution of the fire
control problem associated with the effec-
tively stationary target of the field-artillery
weapon, however, only a sighting-and-
ranging element need be employed to gene-
rate the required target data, and no pre-
dicting element neced be employed in the
computing system.

3-3.2 THE FACTOR OF KIND AND SIZE
OF WEAPON INVOLVED

The cffect of this factor can be readily
illustrated by comparing the functional dia-
gram fora small arms weapon (seeFig. 3-5)
with the functional diagrams given in Figs.
3-3 and 3-4, respectively, for typical field-
artillery fire control and antiaircraft fire
control systems.

The sole fire control equipment usually
employed on small arms are the sights em-
ploved inaimingthe weapon. Three different
typesof sightsare currentlyemployed incon-
nection with small arms:

1. Metallic sights.

2. Optical sights.

3. Sniperscopes.

A metallic sight comprisesablade sight
at the muzzle end of the barrel and an aper-
ture, open (U-shaped), or folding-leaf sight
at the breech end. Theblade sight is a thin,
flat, metal post. Aperture sights are those
thatare sightedthrough, suchasapecp sight,
aring sight, etc. Open sights are all those
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that are sighted over or at, such as a post,
bead, notch, etc. Leaf sights are those that
can be folded down for their ownprotection.

An optical sight used for small arms
fire is nothing more than a telescope with a
reticle that is attached directlytothe barrel
of the weapon, as on a sniper's rifle.

A sniperscope isa fire-control sighting
device that combines a snooperscope and a
carbine or other firearm, inorder to enable
the operatorto see and shoot at targets in the
dark. The snooperscope is a hand-carried
device that combines a source of infrared
rays with a viewer, and thereby enables the
operator to see in the dark.

Functionally, a sight serves as a com-
bined tracking and pointing element. Forthe
case of a stationary target, the operator
merely uses his sightasameans of orienting
the weapon directly at the target. (Therifle
leaf sight allows corrections for superele-
vation, drift and windage. The operator es-
timates range and crosswind and adjusts the
sight accordingly. ) Forthe case of a moving
target, the operator uses his sight as an aid
in tracking the target long enough to deter-
mine the lead thattraining has shown him he
should allow in order to hit the target.

Because of the small size of the weap-
ons, no special drive equipment is required
to move them. Because of the simplicity of
the fire control equipment, no data-transmit-
ting elements are involved.

The example chosen does, of course,
also represent the effect of weapon func-
tion and the degree to which human partici-
pation supplies some of the functional ele-
ments of a fire control system.

3-3.3 THE EFFECTONFIRE-CONTROL-
SYSTEM DESIGN OF A MULTI-
PURPOSE REQUIREMENT OF THE
WEAPON SYSTEM

A multipurpose weaponis a weapon that
canbe used for a number of different pur-
poses such as against ground forces and
against aircraft. Thisimpliesthatthe asso-
ciated fire control system combine the func-
tionalelements represented in Figs. 3-3and
3-4 in orderto effect the necessary control.
A good example of such a multipurpose weap-
on system is the 90 mm gun used against
tanks and aircraft in World War 11
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Figure 3-5. Functional diagram of typical fire control equipment

for use with small arms.

THE EFFECTONFIRE-CONTROL-
SYSTEM DESIGN OF A WEAPON-
MOBILITY REQUIREMENT

A tankfire control system is an example
of the factor of weapon mobility. Normally,
a tankis not only inlinear motion but is also
in erratic angular motionas it traverses the
terrain in its route. The result is a motion
comparable to that to which a ship is sub-
jected on the sea. The fire control problem
can therefore be solved by the same means
that the Navy employs -- by stabilization
techniques. A's noted in paragraph 3-5. 3,
the use of stabilization has increased the
accuracy and efficiency of tank guns in bat-
tle, while the vehicle is inmotion, by a factor
of several hundred percent.

Functionally, the stabilization repre-
sents an increase in the complexity of the
weapon-pointing system. For further in-
formationonstabilization systems, see Sec-
tion 4 of the Fire Control Series.

3-3.5 THEEFFECTONFIRE-CONTROL-
SYSTEM DESIGN OF SPEED AND
ACCURACY REQUIREMENTS

Speed and accuracy are characteristics
that usually involve a sacrifice in one to
achieve excellence in the other. For ex-
ample, the fire control systems used with
the coast-artillery systems of yesteryear
achieved an outstanding accuracy. Because
of the time required to achieve a fire-control
solutionof this accuracy, however, the prin-
ciples on which these systems were based
could not be applied to the problem presented
by fast-flying aircraft. To achieve the re-
quired speed of solution, accuracy had to be
sacrificed. The decrease in accuracy was

compensated by the natural dispersion of
rapidfire, the use of time-fuzed projectiles,
and -- as a further refinement -- the use of
proximity fuzes. For certain applications,
of course, the use of guided missiles has
eliminated the need for conventional antiair-
craft fire control equipment altogether.

3-4 COMPATIBILITY PROBLEMS OF
VARIOUS TYPES OF OPERATING
ELEMENTS

3-4. 1 GENERAL PRINCIPLES
It is a well-known fact to system de-

signers that for effective design the opera-
ting elements of a system must be compati-
ble with one another. This means, for
example, thataparticular operating element
should not be allowed to remain in a system
design if its use is goingto be detrimental to
the overall functioning of the system -- no
matter how excellent the performance of the
operating element may be as an individual
entity or in other applications. Frequently,
of course, there is the questionable case of
just how adversely one element affects the
operationof its companionelements. Insuch
instances, the trade-off of performance be-
tween individual components must be care-
fully evaluatedin order to determine the net
effect onoverall system performance, which
is the ultimate criterion.

It isalso generally considered inadvisa-
ble to employ operating elements whose in-
dividual performances are sohigh incompar-
ison with system needs and the performance
of other elements of the systemthat their full
potential will never come close to being uti-
lized. Theirinclusionunderthese conditions
would usually be economically unsound.
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3-4.2 FACTORS REQUIRING PARTICU-

LAR ATTENTION

The following factors affect the com-
patibility of one operating component with
another:

1. Relative accuracies.

2. Relative speeds of operation.

3.  Relative ranges of operation.

4. Types of associated equipment.

5. Interconnecting devices used be-
tween system elements,

The effect of each of these factors will
be illustrated by general examples in the
following paragraphs.

3-4.2. 1 Relative Accuracies

The relative accuracies of the operating
clements in a system represent a factor of
prime importance since the accuracy of the
least-accurate clement in a chain generally
establishesthe overall accuracy of the chain.
As an example of the importance of this
factor, consider a fire control computing
system that supplies firingdata to a weapon-
pointing system whose accuracy capability
for positioning the weapon is only one-tenth
the accuracy of the firing data itself. Ob-
viously, the two subsystems of the fire con-
trol system are mismatched, and hence in-
compatible. The situation shouldbe corrected
by improving the accuracy of the weapon-
pointing system, ifthe overallaccuracy spec-
ified forthe complete weapon system requires
this. Otherwise, the computing system should
probably be simplified -- with attendant
economies -- untilthe outputaccuracy of the
firing data closely matches the accuracy of
the weapon-pointing system.

3-4. 2. 2 Relative Speeds of Operation

The relative speeds of operating ele-
ments in a fire control system frequently
comprise a significant factor, particularly
for systems used where the target is within
the firingrange of the weaponfor onlya brief
period of time. Consider, for example, a
hypothetical antiaircraft fire control system
whose speed of determining firing data is
such that the weapon cannot be used during
the initial phase of an incoming air attack,
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even though the target is within firing range
of the weapon. If the rest of the fire control
system -- aside from the computing ele-
ments -- can operate at the required speed,
then the computing elements are incompat-
ible with the other eclements of the system
and with the overall requirements of the
weapon system.

3-4.2. 3 Relative Ranges of Operation

As anexample of how this factor affects
the compatibility of operating components in
a system, consider anacquisition and track-
ing radar whose range capability for lock-
ing ontothe target and commencing the track-
ing operationis only slightly greaterthan the
effective range of the weapon itself. Inas-
much asa certain amount of accurate track-
ing isrequired before usable target data can
be generatedby the tracking element for use
by the computing system, it is clear that the
range limitation of the radar makes this
operating element incompatible with the re-
maining elements of the fire control system.
A radar whose lock-on range is about 1.5
timesthe effective range of the weapon, on the
other hand, would probablybe quite compati-
ble with the system.

3-4.2. 4 Types of Associated Equipment

Certain fire-control situations pre-
scribe fixed types of equipment for one or
more parts of the system. Thetype of equip-
ment used in the remainder of the system,
on the other hand, may be of various types.
The essential requirement here is that this
latter equipment be compatible with the equip-
ment that is incapable of modification.

3-4.2. 5 Interconnecting Devices

As anexample of this factor in the com-
patibility of system design, consider a com-
plex fire control system that has been set up
with a particular type of data-transmission
equipment; e.g., synchro-type equipment. No
matter how excellent some particular element
in the system that received synchro signals
might be on its own merits, it would be in-
compatible withthe overall systemif it were
not adapted to use these signals efficiently.
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3-5 EXAMPLES OF FUNCTIONAL
ARRANGEMENTS EMPLOYED IN
VARIOUS TYPES OF FIRE CONTROL
SYSTEMS

3-5.1 INTRODUCTION

A's noted, all fire control systems can
be considered to comprise three major sub-
systems (see Fig. 3-2):

1. The acquisition and tracking sys-
tem which comprises observing, position-
finding, and tracking equipment.

2. The computing system whichcom-
prises data-computation equipment for the
generation of firing data.

3. The weapon-pointing system which
comprises equipment for the application of
firing data.

Only a relatively few fire control systems
would contain all of the functional elements
shown in Fig. 3-2, however.

It is the purpose of the present section
to provide examples of the manner in which
the elements described in paragraphs 3-2. 1
through 3-2. 10 combine to form functional
arrangements invarious typesof fire control
systems. The followingtypes of fire control
equipment are briefly described: *

1. Fire control equipment for artil-
lery.

2. Fire control equipment for tanks.
3-5.2 FIRE CONTROLEQUIPMENT FOR
ARTILLERY

3-5.2. 1 Observing
Equipment

and Position-Finding

Priortotheinventionof radar, the func-
tions of observing and position finding were
all performed solely by optical instruments.
Azimuth and angular elevations were deter-
mined by telescopic instruments functioning
in the same manneras a surveyor's transit.
The same instruments served for observa-
tion purposes. Range finding was also ac-
complished by optical instruments. Allthese

instruments are still in wide use, but have
beenreplaced in some applications by radar.
The various instruments used for angu-
lar measurement and range finding fall into
three main categories, which are described
in the paragraphs which follow, namely:
1. Optical equipment such as binocu-
lars, aiming circles, and range finders. ¥
2. Radar equipment.
3.  Sound and flash equipment.
See Section 2 of the Fire Control Series for
a more-detailed discussion of acquisition
and tracking equipment.

3-5.2. 1.1 Optical Equipment

Binoculars (seeFig. 3-6)orfield glasses
are moderate-power instruments used for
general observationand spotting. They vary
from 6-to 9-power, having individual diopter
adjustments for each eye and an interpupil-
lary adjustment. The binocular construction
increases the observer's stereoscopic
(depth) perception. Some instruments have
reticle patterns (see Fig. 3-7) for the esti-
mation of angles.

The aimingcircle (seeFig. 3-8)is used
for measuring angles in azimuth and site, and
for general topographic work in the orienta-
tion of the battery. The instrumentincludes
a monocular telescope and magnetic com-
pass.

Range Finders. Optical range finders
determine range by solving a right triangle
in which one side and two angles are known,
range being one of the unknown sides. With
referencetoFig. 3-9, therange from a range
finder PS to a target T is R. The distance
between P and S is the range-finder base
length, B. As the base length is increased,
by enlarging the range finder, it becomes
possible to obtain accurate readings at great-
erranges. Thelinesof sitetothetarget from
P and S form the angle of convergence & at
the target. The line IS is parallel to PT;
hence the angle ISTisequaltod . The instru-
ment isbuilt so that angle TPS, which defines

For a description of a complex antiaircraft fire control system, see the analysis of the fire control system of the Vigilante Antiair-

craft Weapon System that appears in par 4-6 of Chapter 4.

T As noted in Chapter 1, laser range finders are now being developed also.
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Figure 3-6.

Binocular M8,

L
5

Figure 3-7. Binocular reticle pattern.

the left line of site with respect to the range
finder PS, is always 90°, If the left line of
site is sighted onthe target, it willbe neces-
sary for the right line of site to mowe left
from Iby the angle 8 for it to sce the target.
If this right line of siteis controlled by turn-
ing a calibrated range knob that traverses an
optical sight, the angle 8 can be measured.
The range-knob scale is calibrated according
to the equation R = Bcotf and adirect range
reading is possible once the angle of con-
vergence has been determined.

There are two types of optical range
finders: 'coincidence' and 'stereoscopic',
They are similar in general appearance and
both work on the "convergence angle and
known base length" principle that has just
been described.
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The stercoscopic type of optical range
finder is based on the principle of natural
stereoscopic vision, which enables a human
being to detect a difference between the dis-
tancestotworemote objects. Therefore, the
operator must use both eyes. A set of fixed
reticles, or optical reference marks, are
superimposedinthe observer's field of vision
and appear to be at some fixed, known dis-
tance. The observer's right line of site is
swung by a range knob controlling mowvable
optics. while his left line of site remains
fixed. Thispermits himtomake the reticles
appear to move in or out in range, as he
varies his angle of convergence. His prob-
lem is to make the reticle appear to be at
the same range as the target. The angle of
convergence ( that accomplishes this is
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measured by the range knob. By calibrating
the knob (using the aforenoted relationship
between therange R, the cotangent function
of §, and the base length B), range can be
read off directly.

The coincidence type of optical range
finder uses a split field of vision and the
operator uses only one eye. It is the same
type range finder commonly used on cam-
eras. The one eye sees a target that ap-
pears cuthorizontally intwo by a halving line
(see Fig. 3-10). The upperhalf ofthe image
is coming in from the fixed left line of site
and the bottom half from the movable right
line of site. Whenthe range knob is turned,
movable opticsbend theright line of site un-
til the image halves coincide vertically, This
measures the angle of convergence 6, and
hence, range.

il

BASE PLATE

Aiming Circle M2,

Optical range finders are complex,
delicate instruments, difficult to maintain
in adjustment, and require skilied operators.
This requirement is particularly true of the
stereoscopic type and, as a result, coin-
cident-type devices are replacing stereo-
scopic-type devices at the present time. It
should be noted, however, that with proper
operator training the stereoscopic type is
very useful for ranging on fast-moving,
irregularly- shaped targets or for spotting
projectile bursts.
3-5.2.1.2 Radar Equipment

The principles of radar (Radio Direction
And Ranging) are well documented inreadily-
accessible technical literature and hence will
not be repeated here. Forpresent purposes,
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Figure 3-9. Optical range finder;

principlc of operation.

it is sufficient to note that radar can furnish
the range, azimuth and angular elevation of
the target's prescnt position. Therearctwo
general types of radar equipment: scarch
radars and fire-control radars. A search
radar (e.g., the surveillanceradar described
in paragraph 3-2. 1) sends out along pulsc in
a broad beam and cannot measure target data
with high precision. A fire-control radar,
on the other hand, such as used for acquisi-
tion and tracking, sends out a short pulsc in
a narrow beam; hence, while not being too
well suited for searching, it does measure
target data with high precision. A spccial
type of fire-control radar sometimes cm-
ployed for particular applications is the
range-only radar.

Radars arc not as accurate in making
angular measuremcnts as are optical in-
struments, but they can measure the ranges
of moving targets more accurately. Inaddi-
tion, radar has thc great advantage over
optical instruments that it can be used night
or day, ingood visibility or poor, and at con-
siderably longer ranges. It has the disad-
vantages of being large and complex, subject
to enemy jamming, and disclosingto thc cne-
my the factthat heis under observation. The
radar-reflectivity characteristicsof various

*

targets result in another important limita-
tion that must not be overlooked.

With the relative merits of optical in-
struments and radar being as they are, op-
erational doctrine results in the tendency to
use the two types of equipment to comple-
ment each other where possible)::, or to use
optics alone -- especially in the case of
short-range wcapons.
3-5.2.1.3 Sound and Flash Equipment

For the purpose of locating hostile guns
and adjusting the fire of friendly artillery,
both sound and flash ranging may be em-
ployed. In these procedures, various micro-
phones, rccorders, plotting boards, and
spotting instruments are used. These in-
struments will not be described in detail;
however, the general methods in which they
are employed will be briefly discussed.

Sound ranging is the procedurc of lo-
cating the source of a sound, such as a gun
report or shell burst, by calculations based
upon observations of the propagated sound
wave. If two microphones are placcd some
distance apart and the distance in tcrms of
arrivaltime at cachmicrophone is recorded,
the location of a hyperbola that passes very
closetothe originof the sound maybe deter-
mined. Other combinations of two micro-
phones will provide similar hyperbolas, and
from their intcrsection the sourcc of sound
may be located.

Flashrangingis the procedure cmployed
in locating enemy installations or friendly
projectile bursts by visual observations and
plotting the intersection of the lincs of site
obtained fromtwo or more observation posts.
Each observation post is equippcd with an
observing instrument for reading horizontal
and vertical angles (see Fig. 3-11). Such
instruments are oriented to measure angles
to points in the target arca. When these
angles are reported to the plotting center
and plotted fromthe base line connccting the
two observation posts, the positions of the
points are located.

3-5.2.2 Firing-Data Computation Equipment

For fire-control applications in which

For example, inthe Vigilante Weapon System that is described in Chapter 4; sece par 4-6.
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Note: Instrument is mounted on tripod for use.

Figure 3-11.

firing data are computed by human means,
such items as firing tables, plotting boards
and their accessory equipment, and many
other similar aids are used. The use of
mechanical, electrical, or electronic com-
puters, on the other hand, occurs when the
fire control problem is beyond human-
performance capabilities, as in the case of
very-fast-movingtargets or whenboth target
and weaponare moving. Atpresent, they are
used primarily inantiaircraft fire, naval gun-
fire, and aircraft bombing, gunnery and
rocket firing. Automatic computing equip-
ment applicable to artillery fire has now
been developed, however.

Some of the equipment needed for data
computation isdescribed here briefly for the
two broad classifications that apply:

1. Computation by human means.

2. Computation by mechanical, eclec-
trical and electronic data computers.

Flash-spotting instrument.

3-5.2.2. 1 Human Data Computation:::

Firing tables are available in two types
for the calculation of firing data: in book
form and in graphical form.

The tables prepared in book form are
available for every type of weapon and am-
munition. Instructions for use are included.

The graphical firingtable (seeFig. 3-12)
is a slide-rule type of device that speeds the
calculation of firing data. Each table is in-
tended foruse with one weaponand projectile,
and carries scales based on the various
charges used with the weapon.
3-5.2.2.2 Mechanical, Electrical and
Electronic Data Computation

These are all types of automatic firing-
data computers, the input to which is target
data and certain ballistic corrections such

*
It should be noted that the need for human data computation has now been effectively eliminated; the firing tables of this paragraph
are discussed solely for the sake of being complete. For example, the availability of FADAC (see par 3-3. 1.1) would eliminate the
need £z hand computation under normal circumstances in the solution of a field-artillery fire control problem.
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Figure 3-12.

as atmospheric temperature, winds and the
like. Essentially, they are nothingmore than
mathematical computers that are capable of
high-speed solution of the moving-target
problem. They usually work on cither the
linear - speed or angular-rate - of -travel
principle (seeparagraph 2- 3. 3 of Chapter 2).
They contain stored within them -- in cams,
linkages, electronic circuits and the like --
the ballistic-performance data of the weapon
and ammunitionwith whichthey are intended
for use. They solve the target-movement
problem, cull their ballistic references for
the firing data, correct the firing data for
nonstandard conditions and send it to the
weapon, all almost instantaneously and con-
tinuously after going through an initial sett-
ling down period -- a matter of several
seconds.

In general, computers vary in size and
complexity in accordance with the difficulty
of the fire control problem involved and the
accuracy with which it must be solved. See
Section 3 of the Fire Control Series for a
more-detailed discussion of fire control
computing systems.

3-5.2.3 Equipment for the Application of
Firing Data

The firing data generated by the data-

Graphical Firing Table M27.

computation equipment must be used to aim
the weapon in azimuth and elevation, and to
settime fuzes when necessary. Themanner
inwhich thefiring datais applied depends on
how and where the data is gencrated. For
example, in the case of an indirect-fire
field-artillery weapon-laying situation, ele-
vationfiring data could be generated by set-
tingtarget-range and angle-of-site informa-
tion directly into a sighting device (such as
the range quadrant discussed in par 3-
5.2.3.2) located on the weapon being em-
ployed. The range drum incorporated into
the sighting device would convert the range
data into the required elevation offset angle
as a rotation of the longitudinal level in the
vertical plane. (The cross level and cross-
leveling control would be used tomaintainthis
rotationinthe vertical plane. ) Theclevation
firing data thus generated in the form of the
elevation offset angle would then be applied
through the action of clevating the weapon
until the bubble of the longitudinal level was
centered. With this same equipment, on the
other hand, the required eclevation angle
could be separately determined by various
types of computational aids and then applied
by settingit into the sighting device by means
of the elevation controls. The weapon would
thenbe correctly positioned in elevation with
the aid of the longitudinal level, as before.
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Computed azimuth firing data would be ap-
plied by orienting the weapon with respect to
a reference point of known azimuth, em-
ploying adevice such as the panoramic tele-
scope discussed in par 3-5.2.3.1.

Before firing data can be applied to a
weapon, it first must be transmitted from
the place of computation to the weapon. In
many cases, oral or telephone communica-
tions are utilized. When a mechanical or
electrical computer is used to generate the
firing data, howewver, this data is usually
transmitted electrically to the weapon by a
synchro data-transmitting system. Servo-
mechanisms on the weapon receive this data
and use it to position the weapon automati-
cally and continuously in azimuth and eleva-
tion, and (if applicable) to set the fuze setter
to the required time of flight. Electrical
data-transmission systems and automatic
positioning mechanisms are considered fire
control equipment. Such systems are used,
for example, with weapons designed to com-
bat high-speed targets such as antiaircraft
weapons.

Typical sighting instruments, fuze set-
ters, and transmission apparatus are de-
scribed briefly in the remainder of this
section under the following headings:

1. Optical equipment.

2. Mechanical equipment.

3. Automatic and/or remote-control
equipment.

See Section 4 of the Fire Control Series for
a more-detailed discussion of weapon-point-
ing systems.

3-5.2.3.1 Optical Equipment

The optical equipment associated with
the application of firing data includes such
fire control instruments as the panoramic
telescope, the straight-tube telescope, and
the telescope mount. The panoramic tele-
scope and telescope mount are normally
mounted on the left side of the top carriage.
The straight-tube telescope is normally on
the left side when only one telescope is em-
ployed; whentwo telescopes are used, it may
be on either side.

The panoramic telescope (seeFig. 3-13
andthe discussionin par 1-2.4. 3.3 of Chap-
ter 1) is normally used in indirect fire for
layingthe weapon inthe proper firing azimuth
with respect to a reference point of known
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azimuth. This point may be in almost any
visible direction not obscured by the weapon.
The panoramic telescope may also be used
for direct fire. In panoramic telescopes
intended for extensive direct-fire use, the
reticle is graduated with a range pattern
based on the ammunition, projectile, and
charge having the most use (see Fig. 3-14).

The straight-tube telescope (see Fig.
3-15 and the discussion in par 1-2.4. 3. 1of
Chapter 1)is used in direct fire, laying the
gun inazimuth orin both azimuth and eleva-
tion. The reticle is graduated in a range
pattern that is based on the projectile and
charge having the most use.

Thetelescope mount supports the pano-
ramictelescope (secFig. 3-13). It may have
longitudinal and cross leveling (correction
forcant)devices for establishinga horizontal
plane for the setting in of ranges and ele-
vation. An angle-of-site mechanism may be
included to facilitatethe application ofthese
data. The mount may include elevation
scales graduated in mils for use with any
ammunition, or scales graduated in yards
for rapid use with one charge.

Figure 3-13. Telescope Mount M21A1 with
Panoramic Telescope M12A2,




AMCP 706-327

40130120l10l ‘\0120|30140
2
4
[
8
10
12

Figure 3-14. Panoramic Telescope M12A2;
reticle pattern.

3-5.2.3.2 Mechanical Equipment

The range quadrant (seeFig. 3-16 and
the discussion inpar 3-5. 2. 3)is mounted on
the right-hand side of the top carriage. It
includes elevation scales, which are gene-
rally graduated in mils, for use with any
ammunition, and removable range drums,
graduated in yards, for rapid use with one
charge. Normally, it is used for two-man
indirect sighting. Anelbowtelescope ispro-
vided where two-mandirect sightingis some-
times required; however, in this case, the
reticle pattern -- rather that the elevation
scale -- is used for ranging.

The gunner's quadrant (see the discus-
sioninpar 1-2.4. 2. 1of Chapter 1)is used in

bore sightingtolevel the weapon for aligning
the telescope and mount. Itcanalso be used
to emplace the weapon in elevation. Thein-
strument includes a quadrant graduated in
mils, alevel mounted ona swinging arm, and
mounting surfacesarranged for two positions
of mounting.

Fuze setters are used to set or "cut" a
time fuze so that the projectile will explode
at the desired time after the gun is fired.
Field-artilleryfuze setters are of either the
wrench type or the hand type. The wrench-
type fuze setter has no seal-es. The fuze
setter turns aringin the fuze to set the tim-
ing to agree with the range required. The
hand-type fuze setter has range or time
scales and a corrector scale.

On larger-caliberantiaircraft weapons,
automatic fuze setters are employed. The
fuze-setting data are received electrically
fromthe computer, andthe fuze setteris then
positioned continuously by a servomecha-
nism.

3-5.2.3.3 Automatic and/or Remote-

Control Equipment

Automatic or remote-control systems
receive asinput signals the firing data trans-
mitted from the sight or computer and --
through either electrical or hydraulic-drive
servomechanisms == convert these data into
mechanical energy to position the weapons.
Usually, separatedrivesareutilized for azi-
muth and elevation. Automatic positioning

systems usually also have manual controls
that can be used in case electrical power is
lacking.

13

Figure 3-15.
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Figure 3-16.

FIRE CONTROL EQUIPMENT FOR
TANKS *

A special fire control problem exists in
the case of tank-versus-tank combat. Ahigh
probability of achieving a first-round kill is
of extreme importance since eachof the con-
tending tanks usually will have a weapon
powerful enough to destroyits opponent with
one hit. Increasing the probability of this
first-round kill, however, is hindered by
several complications, including the small,
cramped gun compartment, the speed and
maneuverability of the "target" tank, andthe
erratic pitchingand yawing of the "gun" tank
as it moves over cross-country terrain.

A's a solution to the aforenoted prob-
lem, the principle of the integrated fighting
compartment has been developed. Such a
compartment may include one or all of the
following main components:

1. Dual power controls for the turret.

2. Built-in optical range finder.

3. Lead computing sight.

4. Verticalandhorizontal stabilization
of both gun and fire control equipment.

For power control, the gunner is pro-
vided handle bars that actuate power-drive

ELEVATION xm

ELEVATION SCALE

LONGETUDINAL LEVEL
ANGLE-COF-SITE SCALE
AGLE-OF-SITE MICROMETER
ICROSS-LEVELING

2 ¢ WIORM KNOB
COVER FOR BATTERY COMPARTMENT

Range Quadrant M4A1,

controllers for turret traverse and gun ele-
vation. (Manual traverse and elevation are
provided for in the event of power failure. )
The tank commander, from a separate sta-
tion, may assume speed control in traverse
inorder to slewthe gun to a new target. The
basic units ina typical turret-traversing and
gun-eclevating system are shown schema-
tically in Fig. 3-17.

The optical range finder is usually oper-
ated by the tank commander. It is a combi-
nation direct-fire sight and range-measuring
instrument of either the stereoscopic or 